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ABSTRACT 
The work described in this thesis was undertaken to 
investigate murine MHC class II-restricted presentation of 
flavivirus antigens, the relative efficacy of various classes of 
antigen-presenting cells in presenting WNV antigens to T cells 
and the influence of Ir genes and high APC numbers on T cell 
proliferation. 
Initially, combined in vivo-in vitro protocols for the 
generation of WNV -specific mur1ne T cell proliferative responses 
were investigated. Variables examined included the conditions 
necessary for priming mice, such as route and dose of virus 
inoculation, determination of optimum post-priming intervals for 
obtaining maximum proliferative responses and several in vitro 
assay conditions. A reductionist approach was employed for each 
variable to delineate the parameters that obscured the evaluation 
of antigen-specific proliferative responses. Strong proliferative 
responses were obtained using splenocytes enriched for 
responder CD4 + T cells, Ia+ stimulator populations from primed 
mice and antigen in the form of a 12 h lysate prepared from 
WN-V-infected Vero cells. In order to reduce the background 
proliferation occurring mostly due to media containing FCS, a 
modified T cell proliferation assay \Vas developed. In this assay 
media containing NMS were used for cuhuring APC and T cells 1n 
the presence of WNV antigen for 3 days, followed by a further 2 
days culture 1n media containing EL-4 supernatant. This 
modification of conventional 3 day assay led to a substantial 
reduction in background proliferation. 
V 
The relative efficacy of macrophages, B cells and SDC in 
presenting WNV antigens to WNV -immune CD4 + T cells was 
evaluated. The results indicate that on a cell population basis 
Listeria-induced macrophages were the most efficient inducers of 
w;-t), 
WNV-specific proliferative responses when compared ;.,, B cells 
obtained from naive or 14 day WNV-primed mice and SDC. With 
regard to B cells, those obtained from WNV-primed mice evoked 
higher responses than naive or mitogen-activated B cells. 
Interestingly, B cells obtained fro~ WNV-hyper-immune mice 
elicited optimal responses with lower doses of antigen than naive 
or 14-day WNV-primed B cells. Addition of WNV-specific 
antibodies increased the efficiency of antigen presentation by 
macrophages whereas, in the case of hyperimmune B cells, these 
antibodies inhibited their efficiency. 
The influence of Ir genes and background genes on \VNV -
and Kunjin-specific T cell responses was determined. Kunjin-
immune T cells from the H-2b and H-2d MHC haplotypes 
predominantly recognized structural (C, prtY'l/M and E) and 
membrane-associated non-structural proteins (NS 1) encoded by 
VKV 1031 and showed weaker responses to cytosolic non-
structural protein, NSS (VKV 1022), whereas responders of the 
H-2k haplotype strongly recognized the antigens encoded by VKV 
1022 and VKV 1031. B cells from all the haplotypes tested, 
although they presented 1031 and 1022, differed from 
macrophages in terms of magnitude of T cell responses induced. 
Macrophages from BALB/b (H-2b), BALB/c (H-2<l) and CBA/H (H-
2k) mice were more efficient stimulators for H-2-matched T cells 
than those from C57BL/6 (H-2b), B10.D2 (H-2<l) and BlO.BR (H-
2k) mice. This effect shown by strains of C57BL background \vas 
VI 
apparently manifested by suppression of T cell proliferation at 
the APC numbers optimal for maximum reactivity in other mouse 
strains. The finding that responses to VKV 1024, which 
encompasses the NS3 to NS5 region of the Kunjin genome, were 
always lower than those against VKV 1022 encoding mainly NS5 
and a portion of NS4B, presumably reflects the differences in the 
processing requirements of these two proteins. 
During the course of these investigations, suppression of T 
cell proliferation was observed when high numbers of 
macrophages and hyper-immune B cells were used as APC. 
Apparently, this suppression was not due to prostaglandins 
released by activated macrophages or exhaustion of nutrients 
from the culture medium. The contribution of MHC and the 
nominal antigen in causing this suppression of T cell proliferation 
was assessed. Thioglycollate-induced macrophages from CBA/H 
(H-2k) mice which normally express low levels of MHC class II 
antigens, showed a direct dose response \Vith alloreactive, I-Ak-
specific T cells. In contrast, prior treatment of these APC for lh 
with heat-killed Listeria, to maintain or upregulate MHC class II 
levels, resulted in an inverse dose response, \Vith the highest T 
cell proliferation occurring at S :R ratio of 0.25 and profound 
suppression at a S:R ratio of 1 or 2. Addition of anti-lab 
antibodies (or their Fab fragments) to the cultures at high APC 
numbers showed a significant improvement in the proliferative 
responses, indicating that high levels of MHC class II antigens 
contributed to suppression of T cell proliferation. The reversal of 
high APC number-induced suppression was achieved by reducing 
the concentrations of WNV antigen. These observations support 
the concept that the suppression of T cell proliferation observed 
.. 
Vll 
at high S :R ratios was due to supra-opti1nal concentration of 
ligand on APC. Possible implications of this phenomenon 1n 
relation to T cell tolerance are discussed. 
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PREAMBLE 
Macromolecular antigens usually express a large number of 
antigenic epitopes that dictate their specifici ty. However, only a 
limited number of the potential antigenic si tes are important for 
immunogenicity, namely, immunodominant ones. The humoral 
and cellular arms of the adaptive immune sys tem, which are 
mediated by B and T lymphocytes respectively, differ 
fundamentally in the way in which they recognize antigens. 
Antigen-binding B cells recognize conformation-dependent 
determinants on protein and carbohydrate antigens via surface 
immunoglobulin. In contrast, T cells, through their antigen-
specific receptor, recognize a bimolecular ligand or "epitope", 
composed of a self-Major Histocompatibility Complex (MHC) 
molecule complexed with a small peptide, usually of 6 to 20 
amino acids. This requirement, known as MHC restriction, 
ensures that T cell activation occurs only 1n an appropriate 
cellular context. Native antigens are modified by antigen · 
presenting cells (APC) or target cells to produce peptides that can 
subsequently interact with MHC. Antigen-specific T cell 
activation thus results from binding of the TcR to a complex 
involving a peptide derived from the nominal antigen and class I 
or class II MHC molecules. For the purpose of discussion in this 
thesis the term "epi tape" will be used to denote the portion of 
this complex bound by TcR involved in proliferative T cell 
response s . 
Important regulatory cells of the immune system which 
recognize antigenic peptides in association with class II MHC 
antigens are the helper/inducer class (Th cells ) with the CD4+ 
(L 3 T 4 +) phenotype. Most of the effects of Th cells are mediated 
by the production of pleiotropic factors, called lymphokines, th at 
influence a variety of functions such as activa tion, growth and 
differentiation of the cells of the immune sys tem, including Th 
cells themselves. Lymphokine production is an induced property 
of activated T cells which depends upon TcR-mediated T cell 
activation. Since the TcR binds to a complex of antigenic peptide 
and MHC molecule, the antigen recognition event necessarily 
occurs at the surface of APC that express appropriate MHC 
molecules. Signal transduction subsequently leads to the 
secretion of lymphokines in the local environment. The 
i:h -l-
specifici ty of ATcR ensures that the products of T cell activation 
are focussed upon the cells which present peptides, or other cells 
in the immediate environment. Thus, in the context of viral 
infections, Th cells participate in potentially protective immune 
responses by enhancing the production of virus neutralizing 
antibodies by B cells, by producing lymphokines such as 
interferon gamma (IFN-y) that directly inhibit viral replic·ation, 
and, in some cases by killing infected cells through the 
recognition of viral peptide-MHC class II complexes (Kaplan et al., 
1984). 
The second maJor class of T cells that recognize peptide 
antigens in association \vith class I MHC antigens are CDS+ (Lyt-
~ 
2 +) T cells, which predomina~ xhibit cytolytic effector 
function (Tc cells). These cells provide an efficient way for the 
immune system to eliminate viruses by killing infected cells 
before replication and synthesis of new virus particles is 
complete. Recently, these cells have been sho\vn to secrete a 
3 
variety of lymphokines which may also contribute directly or 
indirectly to antiviral mechanisms. 
In order to understand the specificity of the TcR, and thus , 
the mechanisms by which T cells carry out the process of self-
non-self discrimination, it is necessary to review the cellular and 
molecular basis of antigen recognition. 
1. Molecules of the immune system involved in T cell 
recognition: 
1.1. Molecules present on T cells: 
1.1.1. The T cell receptor a-D and y-8 (TcR a-~, TcR y-8): The TcR 
of T cells was first identified with "anticlonotypic" monoclonal 
antibodies (MAb) raised against specific determinants on cloned 
T cells (Kappler et al., 1981). The observation that these MAb 
bound only to the clones against which they were raised was the 
first direct indication that this structure was clonally distributed, 
similar to the surface immunoglobulin on B cells. By using such ( ant,; c \ a r, c t.1 pl c. M "A- b) 
techniques ~it has been shown that, a) the putative human T cell 
receptor is a heterodimer consisting of two disulphide-bo"nded 
subunits, 49-51,000 (a) and 43,000 (~) daltons in molecular 
weight, which is non-covalently associated \Vith a molecule T3 , 
20,000 daltons in molecular vveight (Meuer et al. , 1983; Acuto et 
al., 1983), and, b) the putative mouse T cell receptor is a 
heterodimer consisting of two disulphide-bonded subunits both 
40-43 ,000 daltons in molecular weight (.Allison et al., 1982; 
Kappler et al., 1983; McIntyre and Allison, 1983), containing 
regions of constant and variable structure. I\1ore recently the 
subtractive cDNA hybridization approach has revealed the 
sequences of the genes encoding for human and mouse TcR 
4 
(Hedrick et al., 1984 a, b; Davis et al., 1985 and Yanagi et al., 
1984; Chien et al., 1984; Saito et al., 1984). These studies have 
shown that there are separate variable (V), diversity (D), joining 
(J) and constant (C) region gene segments and, like 
immunoglobulin genes, these genes undergo somatic 
rearrangements (Chien et al., 1984; Hedrick et al., 1984). These 
a-p TcR are used for MHC class I and class II-restricted 
recognition by CD8+ and CD4+ T cells, respectively. 
During the search for a rearranging gene encoding the TcR a 
component of TcR a P-heterodimer, TcR y was identified by 
Tonegawa and colleagues (Saito et al., 1984 ). Subsequently, a 
fourth rearranging gene, termed TcR o, was discovered (Born et 
al., 1987). A striking feature of the TcRy and TcRo loci is the 
relative small numbers of Vy, Jy and V8 and J8 (Strominger, 1989) 
· segments that occur. In the mouse, there are about 100 a chain 
V gene segments, 25 for p, 7 for y and 10 for o. There are 2 D 
segment genes for p and y chains, whereas J genes number 50 for 
.+~~-
a, 12 for p, 2 for y and 2 for o. Diversity of 1,TcR is generated by 
random rearrangements of gene segments. This means that a Va 
gene segment joins randomly with any Ja segment and a C 
segment. In addition, diversity is also generated by, 1) 
imprecision in the joining of various gene segments resulting 1n 
deletion of nucleotides from the ends of the V, D and J segments 
Uunctional diversity), 2) by the random additions of nucleotides 
in "N-region" junctional regions in both a and P chains (N region 
diversity), and, 3) by the use of multiple translational reading 
frames in the D region gene segments. Unlike immunoglobulins, 
diversity of TcR chains has not yet been shown to occur by 
somatic hypermutations. 
5 
1.1.2 TcR y-8 cells: The rnajority of the murine T cells from the 
skin and in the gastrointestinal tract express TcRy 8 (Raulet, 
1989). The ligand requirement for TcR y 8 is currently a matter 
of intense investigation. Although the TcRy 8-expressing Tc cells 
recognizet a class I MHC antigen, it appeared to be a non-classical 
transplantation antigen encoded in the TL region of the murine 
MHC (Bluestone et al., 1988). Their role in surveillance of 
epithelial surfaces by recognizing yet uncharacterized class I-like 
gene products that map outside the classical class I and class II 
MHC gene complex, has been postulated (Janeway, 1988). The 
finding that TcR y 8 cells are capable of producing a variety of 
lymphokines including IL-2, IL-3, IL-4, IFN-y and GM-CSF 
(granulocyte macrophage colony stimulating factor), suggests that 
these cells may exhibit multiple functions. In addition, their role 
in IgA secretion has been delineated (Bluestone and Matis, 1989). 
1.1.3. CD3: The TcR (a-P and y-8) are covalently associated with 
an invariant membrane complex termed CD3. To date, four CD3 
proteins have been identified (CD3-y, CD3-8, CD3-e, and CD3-~) 
(Samelson et al., 1985) on murine T cells. All the CD3 proteins 
have large intracytoplasmic portions. Cross-linking of CD3 
mimics antigen-MHC stimulation of T cells. It is generally 
accepted that the CD3 complex is involved in signal transduction 
that is initiated when the TcR binds to the peptide-MHC complex . 
1.1.4. CD4 and CDS molecules: CD4 and CD8 are non-polymorphic 
members of the immunoglobulin gene superfamily which are 
expressed on the surface of functionally distinct populations of T 
/ 
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lymphocytes. These molecules are also known respectively as 
T4/Leu 3 and T8/Leu 2 in human, and as L3T4 and Lyt-2 in 
mouse. 
The human CD4 molecule 1s a 55 kd glycoprotein with four 
extracellular domains (Littman, 1987), whereas the murine CD8 
exists as a heterodimer consisting of two disulphide-linked 
subunits, Lyt 2(a), 38 kd, and Lyt 3(~) 30 kd. 
CD4 was initially described as a phenotypic marker for T 
lymphocytes (Reinherz et al., 1979). Direct proof that MHC class 
II is the ligand for CD4 has come from binding studies in which 
MHC class II+ but not MHC class II- B cells were shown to be 
capable of binding to the cell lines transf ected with and 
expressing the human CD4 molecule (Doyle and Strominger, 
1987). Both anti-CD4 and anti-class II MHC antibodies inhibited 
this binding. In the case of CD8 molecules, Swain et al ( 1981) 
-to 
demonstrated that addition of anti-Lyt-2 antibodies ).. in vitro 
cultures blocked the generation of cytotoxic respones against 
allogeneic class I MHC antigens but had no effect when these 
responses were specific for class II MHC antigens. Further 
evidence that the ligand for the CD8 molecule is MHC class I 
protein was obtained by Dembic et al (1987) . These authors 
introduced the TcR a-~ chain genes from CD8-positive, H-2Dd-
-the. 
restricted cytolytic T lymphocytes (CTL) specific for ~ antigen, 
fluorescein (FL), into CD8-negative recipient cells. It \Vas 
observed that CD8-negative transfectant showed enhanced lysis 
of FL-conjugated lymphoblasts only after supertransfecting it 
with CDS gene. These experiments established that the 
expression of CD8 molecules facilitates the interaction of CTL with 
their targets. 
7 
1.1.5. The CD2 receptor: CD2 [T 11, Leu 5, LFA-2, the sheep red 
blood cell (SRBC) receptor] is a non-polymorphic glycoprotein of 
40 to 50 kd expressed on all human thymocytes and peripheral T 
cells, including the large granular lymphocytes and most natural 
killer (NK) cells (Howard et al., 1981). Human CD2 mediates 
rosetting of T cells to SRBC (Krensky et al., 1984). A natural 
ligand for CD2 has recently been found to be lymphocyte 
function-associated antigen-3 (LFA-3), a widely distributed 
glycoprotein of 55-70 kd (Shaw et al., 1986). MAb directed 
against this protein inhibit the same range of T lymphocyte 
functions as anti-CD2 MAb, but this inhibition 1s by binding to the 
target or stimulator cell, not to the T cell (Shaw et al., 1986). In 
addition, CD2 binding to LFA-3 mediates CTL-target cell conjugate 
formation (Shaw et al., 1986). By expressing cDNA encoding the 
human CD2 in a murine T cell hybridoma with a particular 
antigen-specificity, Bierer et al (1988) showed that expression of 
CD2 molecule greatly enhanced T cell responsiveness to antigen, 
Th e 
particularly in weak antigen-driven responses. 5ignificance of 
this molecule in the activation of murine T cells is not known. 
1.2. Molecules present on APC: 
1.2.1. The murine major histocompatibility complex (MHC): The 
murine major histocompatibility gene complex designated H-2, is 
situated on chromosome 17 and spans 1-2 centimorgans of DNA 
distal to the centromere, where one centin1organ is equivalent to 
approximately 2000 kilobases. It can be broadly divided into the 
K, I, Sand D regions (Klein, 1975; Snell et al., 1976) \Vhich encode 
three classes of glycoproteins, the class I, class II and class III 
8 
molecules. Class I and class II molecules are integral membrane 
glycoproteins some of which constitute the histocon1patibility 
antigens while class III molecules are serum components of the 
complement system ( encoded by genes within the S region) and 
will not be discussed here. 
1.2.1.A. MHC Class I antigens: The K and D 
encoding class I molecules which are highly 
of-the rnuv·i~-e MHC. 
• • (' C/y'(\ pl 'f? y 
reg1onst., contain genes 
polymorphic, while 
the class I genes of the Q a and T la regions show very little 
polymorphism. To date, approximately 50 class I (K and D ) 
alleles have been identified. 
The class I antigens constitute a single class structurally but 
functionally they fall into two groups. 
O..--< e 
The classical transplantation antigens "-encoded by genes 
within the K and D regions. The K region contains genes encoding 
two molecules while D, L and possibly M and R antigens are 
encoded by genes within the D region. The class I transplantation 
antigens, especially K and D antigens, are found on virtually all 
somatic cells. These antigens have been shown to be the · primary 
antigens recognized in tissue-graft rejection and to be restriction 
elements in the lysis by T cells of virally infected and chemically 
modified cells, (Zinkernagel and Doherty, 1979). 
The antigens encoded within the Qa and Tla regions (distal 
to the H-2D region) which are believed to be lymphocyte 
differentiation antigens (Robertson, 1982). 
9 
1.2.1.B. Structure of MHC Cl ass I an ti gens: The class I antigens 
consist of two chains, a 45,000 daltons heavy chain which is non-
covalently associated with an 11,500 daltons light chain. The 
heavy chain is glycosylated, polymorphic, and is encoded within 
H-2K, D and Qa and Tla regions, while the light chain, p2 -
microglobulin is non-glycosylated, displays limited polymorphism 
and is encoded by a gene on chromosome 2. The heavy chain, 
approximately 346 amino acid residues in length, is divided into 
five domains, three external domains N (or al), Cl(or a2) and C2 
( or a3) which are each about 90 residues in length, a 
C.of'Si ~ t.S ot 
transmembrane region, which · ( about 40 residues, and a 
cytoplasmic domain of about 30 residues in length. The third 
extracellular domain, C2, is highly conserved (Steinmetz et al., 
1982) and P2 microglobulin (P2m, 99 residues long) associates 
with this domain. The polymorphism of class I molecules 
appears to be clustered in three regions of the first two 
extracellular domains, N and Cl (Hood et al., 1983). There is 
strong evidence that only the first and/or second external 
domains, N and C 1 participate in the restricted recognition of 
antigen by the TcR (Ozato et al., 1983; Stroynowski et al., 1984; 
Allen et al., 1984) and contain alloantigenic determinants 
(Yokoyama and Nathenson, 1983; Allen et al., 1984). 
The transmembrane domain serves to anchor the class I 
molecule in the cell membrane (Coligan et al., 1981) and may 
function in the communication of signals to the cell interior 
(Coligan et al., 1981 ). 
Recently Bjorkman et al (1987 a,b) have produced an X-ray 
crystallographic model of an MHC class I molecule (HLA-A2) and 
from this have hypothesized its three-dimensional structure. The 
1 0 
molecule consists of four globular domains , the two membrane-
proximal immunoglobulin-like domains, a3 and ~2m, and the 
polymorphic a I and a2 domains at the top ( distal to the 
molecule). The latter two domains form a platform with a single 
eight-stranded ~ pleated sheet on top of which are two parallel 
a-helices. The net result is an elongated cleft, the sides formed 
by the a helices and the bottom formed by the ~ sheet structure. 
The cleft would seem to be able to accommodate antigenic 
peptides of the size known to be involved in T cell activation. 
Interestingly, the presence of electron dense material within the 
cleft was attributed to bound peptide although the nature of this 
material has not been directly demonstrated. These speculations 
are consistent with the principles of processed antigenic peptides 
binding to MHC as described in the Section 4.2.3. 
1.2.1.C. MHC Class II antigens: The murine / (immune re sponse) 
region, first recognized because of its role in the regu lation of 
responses to synthetic and naturally occurring proteins, encodes 
MHC class II antigens and has been divided into the I -A, 1-B, 1-J, 
1-E and /-C subregions on the basis of serological analysis and 
functional studies (Shreffler et al., 1976). The I- A subregion 
contains the A a , A /3 and E /3 genes while the 1-E subregion 
contains the Ea gene. Loci in the / region have been shown to 
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control immunological reactions: A.Ci) I-A and 1-E loci encode allo-
antigens which trigger graft rejection responses and may also 
serve as target antigens for CTL (Nabholz et al., 1975; \Vagner et 
al., 1975); (ii) I region (I-A and 1-E ) encoded antigens are 
involved in the presentation of antigen to T cells which control 
the variation in immune response ability of various strains of 
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mice to some antigens (NicDevitt et al. , 1982) . This results from 
the fact that I-region encoded molecules control H-2 restricted 
interactions of Th cells with B cells (Katz et al. , 1975) and serve 
as restriction elements for T cells mediating delayed type 
hypersensitivity (DTH) (Miller et al. , 1975). 
Class II MHC antigens are more limited 1n their cellular 
distribution than class I MHC antigens. They are found mainly on 
B cells, lymphoid dendritic cells (DC) and macrophages and 
variety of other cell types (reviewed in Chapter 3). 
1.2.1.D. Structure of MHC Class II antigens: The two class II 
molecules encoded by genes \Vithin the I-A and 1-E subregions 
are heterodimers composed of a and P chains which are non-
covalently associated. The a chain is between 33,000 and 35,000 
daltons in molecular weight and contains two carbohydrate 
groups; the p chain is 28,000 to 31,000 daltons and contains only 
one carbohydrate group. Each class II polypeptide consists of 
two external domains, each approximately 90 amino acid 
residues long ( a 1 and a2 or p 1 and P2), a transmembrane region 
of about 30 residues and extremely short cytoplasmic region of 
approximately 10-15 residues. The polymorphism in the class II 
polypeptides lies mainly in the a 1 and p 1 domains whereas the 
a2, P2, transmembrane and cytoplasmic domains are conserved 
(Kaufman et al., 1983 ). The transmembrane domain is even more 
highly conserved than a2 and ~2 domains (Benoist et al., 1983 ). 
The b haplotype of the mouse does not express 1-E 
molecules. This has been shown to be due to a deletion in the 
region containing the promoter for the £ a gene · ~ owever E /3 
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chains are synthesized and found in the cytoplasm of cells but 
not expressed on the cell surface (Jones et al., 1981). 
In addition, the a and 0 chains are intracellularly associated 
with a non-polymorphic invariant chain (Ii) (Jones et al., 1978) 
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which is encoded by a single gene (Yamamoto et al., 1985). The 
association between the Ia a-0 heterodimer and the Ii (molecular 
weight 31,000) begins in the endoplasmic reticulum (ER) where Ii 
is synthesized. Ii dissociates from the Ia heterodimer son1ewhere 
between the trans-Golgi compartments. The specific association 
of Ii and Ia during biosynthesis (Holt et al., 1985) led to the 
suggestion that Ii has a role in intracellular transport of Ia (see 
Section 4.2.3 .). 
On the basis of similarities in the structure of class I and 
class II molecules ( close association of N-terminal residues of a 1 
and 01 domains of class II, and those of a 1 and a2 domains in 
class I molecules), Brown et al ( 1988) postulated that the 
attachment of the class I a 1 domain to p 2m could be viewed as a 
four domain model as for class II heterodimer. Thus the physical 
form (i.e. an oligopeptide located in a cleft formed by the two a 
helices) of the antigen presented to T cells is likely to be similar 
for class I and class II molecules. 
2. Cellular basis of antigen recognition by T cells: 
2.1. Ontogenv of T cells: It is now well known that T cells 
acquire their antigen receptors as well as their functional 
potential to distinguish self from non-self within the developing 
thymus. This brief review will deal with a-~ T cells. 
Early T cell markers, such as CD7 (defined in man) or 
murine PGP-1 present on the pluripotent stem cells in foetal yolk 
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sac, bone marrow and liver, may function as homing receptors for 
the prothymocytes that colonize the foetal thymus at day 14 in 
mouse or 8 to 9 weeks in man. The subsequent developmental 
stages occur in the absence of a further influx of cells (Ceredig et 
al., 1982). It is now evident that the majority of TcR gene 
rearrangements occur within CD4- CD 8- precursors that are 1n a 
stage of rapid division. Following successful rearrangement of 
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firstL ~ gene and then the a gene, these cells stop dividing and 
express low levels of their receptors (a-~ heterodimer and CD3 
complex) along with two cell surface proteins, CD4 and CD8. 
The first thymocyte to express detectable a-~ TcR appear to 
be those of CD4+8+ T sub-populations, which appear at day 16-17 
of gestation in mice, followed by thymocytes of mature CD4+ CD8-
or CD4-CD8+ phenotype, which appear around day 18-19 of 
gestation. 
In the CD4+CD8+ (double positive) stage, the a-~ cells 
apparently undergo the selection events described below. 
2.2. T cell selection in thymus: 
2.2.1. Positive selection: According to this hypothesis, precursors 
of mature T cells have some degree of binding specificity for 
polymorphic regions of MHC molecules expressed in the thymus. 
Although the earlier functional studies by Bevan and Fink (1978) 
and Zinkernagel et al (1978) using radiation-induced bone 
marrow chimeras revealed that radio-resistant elements of the 
host were limiting the potential repertoire of T cells, two recent 
experimental approaches involving in vivo antibody blocking and 
TcR transgenic mice strongly emphasize the role of thymic 
epithelium in the positive selection. 
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Marusic-Galesi et al ( 1989) / that mice treated with iv1Ab 
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against Kk duringi development failed to develop Kk-restricted T 
cells, while other class I-restricted T cells were generated 
undisturbed. From similar studies involving class II MHC, 
Marrack et al (1988) suggested that thymocytes are selected to 
mature in the thymus by the ability of their a -P receptors to 
interact specifically with class II MHC molecules expressed in the 
organ; treatment with anti-I-A antibodies apparently interfered 
with the interaction of TcR and I-A. These experiments did not, 
however, directly address the question of whether the a-P TcR is 
involved in the selection process. 
Experiments using transgenic mice however, established a 
close correlation between a-P TcR specificity and thymic MHC 
antigens. Evidence to show that TcRs specific for MHC class I 
antigens are expressed in CD8+ mature T cells has been reported 
by Teh et al ( 1988). In the case of female transgenic mice, an 
elevated proportion of thymocytes expressing a-P TcR genes 
isolated from an H-2b-restricted CD4-8+ T cell clone, specific for 
an as yet to be identified peptide from the male-specific antigen , 
H-Y, was observed. In order to determine whether the elevated 
proportion of CD4-8+ T cells was dependent upon the interaction 
of the transgenic receptor with polymorphic domains of thymic 
MHC antigens, these authors repopulated the thymuses of mice of 
different J\!IHC haplotypes with T-cell-depleted bone marrow· cells 
from transgenic mice. An elevated proportion of CD4-8+ celis 
resulted from the colonization of the H-2b , but not the H-2k 
thymus by a-P transgenic cells. In another study, Kisielow et al 
(1988b) transplanted bone marrow cells from H-2b a-P 
transgenic C57BL/6 (Kb, Db) female mice into lethally irradiated 
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BlO.HTG (Kd, Db), Bl0.D2(Rl07) (Kb, Dd), Fl(C57BL/6 x DBA/2) 
(KbKd, DbDd) and BIO.BR (Kk, Dk) female n1ice. The finding that a 
significantly lower ratios of CD4+8- to CD4-8+ thymocytes only 1n 
Db-expressing [C57BL/6, B 10.HTG and Fl(C57BL/6 x DBA/2)] 
recipients of a-~ transgenic stem cells than those differing at the 
whole H-2 complex (B 10.BR) strongly suggested that preferential 
differentiation toward CD4-8 + thymocytes occurred only when 
transgenic stem cells expressing a-P transgenic chain develop 1n 
the thymic environment expressing restricting Db molecules. 
Evidence to show that MHC class II-restricted transgenic 
TcR are found on CD4 + T cells has come from the studies by Berg 
et al ( 1989). These authors used transgenic mice expressing a 
TcR specific for a fragment of pigeon cytochrome C, restricted by 
I-Ek molecules. It was observed that H-2k a-~ transgenic mice 
expressed a 10-fold higher proportion of cytochrome C-reactive T 
cells than H-2b transgenic mice. Further it was shown that the 
ihe. 
developmental block at ~ CD4+8+ stage in the H-2b mice could be 
reversed by expressing I-Ek from a transgene expressed on 
thymic cortical epithelial cells. 
These observations indicate that the specific interaction of 
the TcR on immature thymocytes with thymic epithelial MHC 
antigens determines the differentiation of CD4+8+ thymocytes 
into single positive mature T cells. Because TcRa-~-expressing 
cells do not divide significantly in the thymus unless they bind to 
MHC antigens on epithelial cells, von Boehmer (1986) suggested 
that positive selection could be viewed as rescue from 
programmed cell death and depending on whether the 
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TcRa-P binds to class I or class II MHC antigens the rescued cell 
will be of the CD4-8+ or CD4+8- phenotype (von Boehmer et al., 
1989). 
Some variants of positive selection models proposed that 
the selection process does not involve naked MHC molecules, but 
rather thymic MHC complexed to a collection of unique self-
antigens (termed as minor H antigens, Blanden and Ashman, 
1985) expressed on the thymic stromal cells involved in positive 
selection but not outside the thymus. Marrack et al ( 1988) have 
explicitly proposed that thymic epithelium produces an 
epithelial-specific set of "educating peptides" which m1m1c the 
universe of potential foreign antigens. Further, negative selection 
(see the following Section) was proposed to be mediated by bone 
marrow-derived elements displaying a non-overlapping set of 
"deleting peptides" on their MHC which ensured deletion of T 
cells reactive to self antigens expressed outside the thymus. 
Kourilsky and Claverie ( 1989) argued that for the observed 
diversity of the T cell repertoire, thymic epithelial cells must 
present a large variety of erroneous self-peptides (due to · errors 
in gene expression) which could be the major source of epitope 
diversity on these cells. 
In addition to qualitative explanations of positive seiection 
outlined above, there are quantitative models (see next section). 
2.2.2. Negative selection: Negative selection was initially 
proposed to explain how the developing immune system learns to 
distinguish self from non-self, i.e., to react to foreign antigens yet 
be tolerant to self-antigens. Three general mechanisms have 
been proposed to account for self tolerance 1) physical 
1 7 
elimination of self-reactive T cell clones in the thymus during 
ontogeny ( clonal deletion), 2) self reactive T cells that do mature 
and enter the periphery could be functionally inhibited by other 
T cells (suppression/immunoregulation), and, 3) when self-
reactive T cells encounter the antigen they recognize, they could 
be functionally inactivated (clonal anergy, discussed in Chapter 
6). 
Convincing evidence for intrathymic clonal deletion has 
been provided by the studies of Kappler et al (l 987a,b). These 
authors identified MAb KJ23 that recognized a murine T cell VP 
segment (VP 17a) that conferred a high probability of T cell 
reactivity with the I-E molecule. It was demonstrated that in 
mouse strains that lacked I-E MHC molecules, and so have no 
reason to be tolerant of I-E, 4 to 14% of splenic or lymph node T 
cells reacted with the antibody. In contrast, peripheral T cells 
from I-E+ mice were only 0.1 % positive. However, the results 
were quite different in the thymus. The immature thymic T cells 
of I-E+ and I-E- mouse strains had eqivalent numbers of VPl 7a+ 
cells. Thus when I-E was present, it apparently caused the 
elimination of anti-I-E (anti-self) T cells in the thymus during 
their maturation. Since low density KJ23+ cells were detected 1n 
thymic cortex but not in medulla of 1-E+ mice, it was suggested 
that deletion of high density KJ23+ cells occurs mainly in the 
medulla, i.e. the site of bone marrow-derived macrophages and 
DC, and therefore these two populations could be responsible for 
tolerance induction (Sprent et al., 1988). In another study, 
Fo\vlkes et al (1988) used C57BR mice , which are both I-E+ and 
possess a functional V~ 17 a gene that encodes for the TcR 
recognizing I-E molecules. Reconstitution of irradiated C57BR 
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mice with syngene1c bone marrow, followed by anti-CD4 MAb 
treatment of such chimeric mice, resulted in, 1) elimination of 
CD4+8- cells, and, 2) allowed the appearance of CD4- 8+ cells 
expressing V~ 1 7 a+ thereby indicating that CD4 blockade 
specifically interfered with clonal deletion of V~ 1 7 a+, I-E reactive 
thymocytes at a CD4+8+ precursor stage. These experiments 
indicated that clonal deletion required the participation of the 
accessory molecule CD4 and that deletion occurred at the double 
positive stage. Similar results were obtained with V~6 
expression in Mlsa mice treated in vivo with anti-CD4 MAb 
(MacDonald et al., 1988). 
Evidence for deletion of class I MHC-restricted Tc Rs came 
from the construction of transgenic mice expressing both a and ~ 
TcR chains from a CTL clone reactive with the male 
transplantation antigen-H.-Y +H-2b (Kisielow et al., 1988a). 
Female transgenic mice (which were not tolerant to I-I-Y) 
expressed anti-H-Y transgenic receptors in a high proportion of T 
cells. Most peripheral T cells from such females could be 
stimulated to proliferate by male, H-Y -positive stimulator · cells . 
In contrast, peripheral T cells expressing transgenic anti-H-Y TcR 
from male transgenic mice expressed low levels of CD8. In the 
thymus, male transgenic mice had 10-fold fewer cells than 
transgenic females, but at the CD4-8- precursor stage these cells 
were present in normal amounts. Thus a n1ajor mechanism of 
itnmunologic self tolerance appears to be deletion in the thymus 
of clones of CD4+CD8+ T cells with a-~ receptors specific for 
complexes of peptides derived from self proteins bound to self 
MHC molecules on the surface of bone marrow-derived DC. Low 
CD8 cells expressing a-~ anti-H-Y TcR escaped deletion however, 
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presumably because high CD8 levels were required for the 
deletion process. 
Sprent et al (1988) suggested the following quantitative 
scheme for T cell differentiation. Early T cells bind to MHC 
molecules on cortical epithelium with varying binding affinities. 
These populations undergo positive selection and make their way 
to the cortico-medullary junction. Here, bone marrow-derived 
macrophages and DC delete high affinity T cells (negative 
selection) but allow cells with low-intermediate affinity to exit 
from thymus to form the post-thymic repertoire of mature T 
cells. 
Two recent hypotheses address the signalling requirements 
for T cell selection in the thymus. Sprent et al (1988) suggested 
that cortical epithelium generally releases positive signals 
because TcR density of early thymocytes is too low for high 
avidity binding. TcR density increases as the T cells move to the 
medulla, with the result that some of the cells acquire increased 
binding avidity. Contact of these cells with macrophages/DC in 
the medulla elicits negative signals and the cells are deleted, the 
remainder of the cells, i.e., cells with lower avidity, receive the 
same type of positive (protective) signal encountered in the 
cortex and are allowed to survive. 
Blanden et al (1987) argued that T cell self tolerance is a 
quantitative phenomenon determined in part by self ligand 
concentration on selecting elements in the thymus and peripheral 
tissues and not simply related to the affinity between receptor 
and antigen. Assuming that the total signal strength required for 
T cell activation is a function of number of receptor/ligand 
complexes (Blanden et al., 1987), for positive selection in the 
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thymus cortex it can be proposed that thymic epithelium 
expresses high MHC (ligand) concentrations so that pre-T cells 
with even low affinity for self MHC are saved from programmed 
cell death and stimulated to proliferate. Alternatively~ or 
additionally, the ligand strength threshold required for positive 
selection could be low. Subsequently, the developing T cells are 
negatively selected for self tolerance during their passage 
through the cortico-medullary junctions, where they are 
confronted with bone marrow-derived macrophages and DC. 
Rationally the ligand concentrations, TcR concentrations, CD4 and 
CD8 concentrations, affinity of TcR for ligand and ligand strength 
threshold for negative selection should ensure that T cells emerge 
from the thymus only if they display above parameters which 
render them incapable of being activated by self ligands on self 
APC in the extrathymic environment. However, evidence to be 
presented in this thesis, together with previously published data 
(Matis et al., 1983; Lamb et al., 1983) indicate that peripheral T 
cells can be rendered unresponsive or anergic by high ligand 
concentrations, possibly an important peripheral mechanism 
maintaining self tolerance. 
3. Cellular basis of antig_en presentation: 
3 .1. Types of APC: 
3 .1.1. Macrophages: Murine macrophages ex press class I MHC 
antigens, FcR, C3R and a macrophage-specific cell surface marker 
defined by the MAb F4/80 (Hume et al., 1983 ). The expression 
of class II antigens is limited to a sub-population of macrophages , 
the percentage of which varies in different tissues (Beller et al., 
1980). Class II MHC antigens can be induced on macrophages by 
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immune stimuli such as infection with Listeria monocytogenes 
(Beller et al., 1980; Beller and Unanue, 1981) or by the deliberate 
addition of IFN-y (Beller, 1984 ). Inflammatory stimuli such as 
thioglycollate broth, peptone or mineral oil, which increase the 
number of macrophages at the site of injection, do not induce 
class II MHC antigens on macrophages (Beller et al., 1980). 
Macrophages are highly motile and have potent phagocytic 
ability which can be enhanced by specific antibody, via FcR 
(reviewed by Unanue, 1981 ). They also apparently have the 
capacity to "process" antigen, but the biochemical mechanisms 
involved in processing are not fully elucidated. When 
macrophages are incubated with Listeria or ovalbumin, binding 
(a passive process which can occur at 40 C) of the antigens occurs 
rapidly (approximately 5 min) (Ziegler and Unanue, 1981). 
However, there appears to be a delay of 30-60 min between 
initial binding of antigen and its presentation to T cells (Calderon 
and Unanue, 1974; Ziegler and Unanue, 1981,1982). If 
macrophages were fixed (with paraformaldehyde or 
gluteraldehyde) immediately after antigen (soluble proteins and 
Listeria) binding, they could not stimulate T cell responses but 
could do so if fixed 30-60 min after antigen uptake (Ziegler and 
Unanue 1981 ). Further analysis showed that this critical 30-60 
min incubation period involves a temperature-dependent, 
energy-requ1r1ng process, 1.e., following antigen uptake, if 
macrophages were held at 40 C, or incubated at 370 C in the 
presence of a metabolic-energy inhibitor ( e.g. sodium azide) they 
did not stimulate a T cell response. These data suggested that 
antigen processing is essential for presentation of protein and 
bacterial (Listeria) antigens to T cells and is an active process. 
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Finally, macrophages have been shown to secrete IL-1 or 
lymphocyte-activating factor (LAF, Unanue, 1981 ). In addition, 
several other cell types such as B cells, fibroblasts, keratinocytes, 
Langerhans cells, endothelial cells and NK cells also secrete IL-1. 
Two distinct, but structurally related molecules have been cloned 
(IL-la and IL-Ip). IL- I is required for normal T cell 
development in the thymus (Mizel and Farrar, 1979), ho\vever its 
requirement in antigen-induced activation of mature T cells 
appears to be limited only to a sub-population of T cells, namely, 
TH2 (see Section 7). This cytokine also acts synergistically with 
another lymphokine, IL-6, which 1s also produced by 
macrophages, in the induction of T cell proliferation. In addition 
to its function as a pyrogen, inducing significant elevation of body 
temperature, IL-1 stimulates arachidonic acid metabolism 
(prostaglandin production) and the secretion of inflammatory 
proteins cUno.r,u~. tt:t'ar). 
3.1.2. B cells: B lymphocytes are distinguished by their 
expression of surface immunoglobulin (sig) molecules which 
represent their antigen receptors. In addition to slg, B cells 
express class I and class II MHC antigens, FcR, C3R and a variety 
of differentiation antigens such as Lyb 1-7 antigens. With regard 
to antigen presentation, it 1s now widely accepted that activated 
B cells and some B cell tumors are able to present soluble 
antigens to antigen-specific primed T cells (Chesnut et al., 1982; 
Frohman and Cowing, 1985; Krieger et al., 1985). 
\Vhile there have been many reports that resting B cells are 
poor APC for the presentation of soluble antigens to primed T 
cells (Chesnut et al., 1982; Kakiuchi et al., 1983; Krieger et al., 
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1986) and are also poor stimulators of unprimed allogeneic T 
cells, others have claimed that resting B cells are efficient 
stimulators provided treatment with high dose y-irradiation 
(above 1000 rads) is avoided (Ashwell et al., 1984 ). 
In contrast with the current controversy surrounding the 
stimulatory capacity of resting B cells, a general consensus is that 
activated B cells are much more potent APC than resting B cells. 
Current evidence suggests that B cells play a major role as APC 1n 
primary T cell responses to soluble antigens in lymph nodes in 
vivo (Ron et al., 1981; Ron and Sprent, 1987). These authors 
...-e po"( t~ d that mice depleted of B cells from birth by repeated 
injections of antibody directed against the µ-chain of IgM failed 
to undergo T cell priming to soluble antigen in lymph nodes (as 
evidenced by in vitro proliferation), and that the defect was 
overcome by sub-cutaneous (s.c.) injections of purified lymph 
node B cells from normal mice before the injection of antigen. In 
another experiment these authors performed in vivo plaque 
forming assays to assess whether poor priming of T cells had 
adversely affected their helper function (i.e. T-B interaction). 
Irradiated mice (mice depleted of B and T cells, but presumably 
containing DC and macrophages) when reconstituted with normal 
unprimed T cells (without s.c. injection of B cells) and 
subsequently challenged vvith antigen, showed poor proliferation 
responses (like anti-µ-treated mice) but gave significantly higher 
responses in the helper assay than unprin1ed T cells, although 
much lower than T cells primed in lymph nodes of normal mice. 
This means that the transferred T cells had undergone some 
degree of sensitization in the absence of B cell APC. These 
authors proposed that the activation of resting T cells 1n the 
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lymph node is controlled by non-B APC, and that main role of B 
cells is to induce clonal expansion of activated T cells. 
3.1.2.A. Cellular basis of inefficient antigen-presenting by resting 
B cells: Several explanations have been put forth to account for 
inefficient antigen-presentation by resting B cells. The finding 
that the a chain of class II antigens from resting B cells was more 
heavily sialated than those from non-B APC (Cullen et al., 1981), 
lead to the demonstration by Cowing and Chapdelaine ( 1983) and 
Frohman and Cowing ( 1985) that neuraminidase treatment of 
resting B cells increased their T cell stimulating capacity 1n 
primary and secondary T cell responses to alloantigens. 
However, subsequently it was shown that neuraminidase-treated 
T cells showed a similar increase in response which was 
attributed to the alteration of net surface charges, thus 
facilitating B and T cell interactions, rather than an effect on class 
II antigens (Krieger et al., 1988). Further, when the class II 
antigens from resting and activated B cells were incorporated in 
artificial planar membranes they showed a similar capacit'y to 
present ovalbumin peptides to specific T cells, and this 
presentation was independent of neuraminidase treatment 
(Krieger et al., 1988). Thus factors other than the quality of class 
II MHC must account for inefficient APC function of resting B 
cells. 
3.1.2.B. Antigen-specific B cells: The first indication that cell 
surface lg can confer a high potency advantage to antigen 
presenting B cells, came from the studies reported by Chesnut 
and Grey (1981). These authors showed that murine B cells could 
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stimulate the proliferation of rabbit immunoglobulin-specific T 
cells only when rabbit anti-mouse IgG (but not normal rabbit 
IgG) was used as an antigen. Subsequently, it was shown that 
this specific antigen was efficiently presented when added to B 
cells at 10,000-fold lower concentration than non-specific antigen 
(normal rabbit immunoglobulin) (Chesnut and Grey, 1986; Tony 
et al., 1985; Tony and Parker, 1985). Lanzavecchia (1985) used 
an entirely antigen-specific system to show the efficiency of slg 
in antigen uptake. He showed that EB V -transformed, tetanus-
toxoid-specific (TT-specific) B cells present specific an ti gen to TT-
specific T cell clones when exposed to 104-fold lower antigen 
concentration than that needed for EBY-transformed B cell lines 
not specific for TT. Only a small proportion of the total slg 
molecules on B cells are necessary to take up the amount of 
antigen required for subsequent presentation to T cells 
(Lanzavecchia, 1987). This binding of antigen to slg can be 
blocked by soluble antibodies that react with the same epitope. 
The high efficiency of antigen-presentation by these cells was 
explained on the basis of 2 observations, 1) the rapid 
internalization of antigen at 370 C by receptor-mediated 
endocytosis thus, delivering to the cell every h, 5-10 times the 
amount of antigen that is actually bound to slg at any given time, 
and, 2) the long half life of processed antigen on B cells (24 h). 
3.1.3. Lvmphoid dendritic cells: DC are present in \vhite pulp of 
spleen and lymph nodes (Steinman and Cohn, 1973) and are 
present 1n all the non-lymphoid tissues. Interdigitating cells 
present 1n T-dependent areas of lymphoid tissue (Veerman, 
1974), veiled cells of afferent lymph (Drexhage et al., 1979) and 
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indeterminate cells of skin (Hume et al., 1983) probably belong to 
the same class as DC defined by in vitro properties after isolation 
from secondary lymphoid tissues. DC are large irregular cells 
with long stellate processes and are highly motile (Steinman and 
Cohn, 1973). DC do not proliferate rapidly but are constantly 
turning over in lymphoid organs at a rapid rate (more rapid than 
macrophages) (Steinman et al., 1974). This suggests that they 
either have a short life span or emigrate to other sites rapidly. 
DC do not express FcR, C3 R, the murine macrophage-specific 
marker F4/80, Thy-I antigen or slg. They express a DC-specific 
marker defined by MAb, 33D 1 (Nussenz\veig et al., 1982) and 
express high levels of class I and class II MHC antigens 
(Nussenzweig et al., 1981). 
DC have been shown to be strong stimulators of primary 
syngeneic and allogeneic mixed lymphocyte reactions (MLR) 
(Steinman and Witmer, 1978; Nussenzweig and Steinman, 1980; 
Steinman et al., 1983) and to function as APC in the development 
of anti-trinitrophenol (TNP)-specific Tc cell responses 
(Nussenzweig et al., 1980). 
The question as to whether DC are capable of processing 
and/or presenting foreign antigens is contentious. They do not 
phagocytose particles and have weak pinocytic activity (Austyn, 
1987). Furthermore, Koide and Steinman (1987) have shown 
that DC do not contain IL-1 message. They have been shown to 
function as APC in the development of influenza-specific Tc cell 
responses (Macatonia et al., 1989) and to present soluble antigens 
such as keyhole limpet haemocyanin (KLH) and ovalbumin 
(Miyazaki and Osawa, 1983; Sunshine et al., 1983; Guidos et al., 
1984 ). In another report it was shown that \vhile DC presented 
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soluble mycobacterial antigen (purified protein derivative) more 
efficiently than macrophages, they were JUSt as effectiv e as 
macrophages in presenting whole mycobacteria. 
Recently, Romani et al ( 1989) showed that splenic dendritic 
cells (SDC) and cultured epidermal Langerhans cells weakly 
present native myoglobin to myoglobin-specific T cell clones, but 
these APC were powerful stimulators of allogeneic T cells in 
primary MLR. Freshly isolated Langerhans cells, in contrast, 
were very active in presenting myoglobin to T cell clones but 
were weak stimulators of MLR. These results led them to suggest 
that DC in non-lymphoid tissues can act as sentinels for 
presenting antigens in vivo, their APC function develops 1n two 
stages. First antigens are captured and presented. Further 
handling of antigen is then downregulated while the cells acquire 
strong sensitizing activity for the activation of resting T cells . 
DC can physically associate, or cluster, with T cells 1n a 
unique manner that is independent of antigen and MHC. In short 
term assays (Inaba and Steinman, 1986) clustering of DC with T 
cell blasts, irrespective of their specificity was observed at 370 C. 
In contrast, other APC cluster with T blasts only in the presence 
of specific antigen and relevant MHC, and this can occurr at 40 C. 
These authors suggested that DC-T cell clustering, which occurs 1n 
all primary responses, is essential for T cell activation. 
It thus appears that DC have a definite role at least 1n the 
activation of resting T cells. In addition, their unique anatomic 
distribution and recirculation pattern ( discussed in Chapter 3) 
may further contribute to fulfil their role as a predominant APC 
in the activation of resting T cells. 
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4. Antigen-processing and presentation: 
Antigen processing encompasses the metabolic events that 
a protein antigen must undergo in or on the APC before it can be 
recognized by the T lymphocytes. Processing involves proteolytic 
degradation, denaturation, or modification of the antigen, 
complexing of antigenic fragments with class I or class II MHC 
molecules and the expression of such complexes on the surf ace of 
APC. 
Although Tc and Th cells normally recognize antigens in 
association with class I and class II MHC antigens respectively, 
the distinction between MHC class I-and class II-restricted 
presentation cannot be made solely at the level of cell types 
expressing these molecules, because class II positive cells also 
express class I molecules. Recent data have suggested that this 
distinction may be made by the source of antigen; exogenously 
derived antigens are presented by class II molecules , whereas 
endogenously synthesized antigens are presented by class I 
molecules (Morrison et al., 1986; Germain , 1986). Sub-cellular 
mechanisms are not yet fully understood, but in general, 
exogenously derived antigens require a passage through 
endosomes, whereas endogenously synthesized proteins are 
processed by a non-endosomal pathway that is not yet defined. 
The salient features of these pathways, and the steps involved 1n 
the endosomal pathway will be discussed in detail in the 
following sections. 
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4.1: Antigen-processing for MHC class I-restricted presentation: 
Most class I-restricted T cells recognize antigens that have 
been synthesized by the cells that present them (Morrison et al., 
1986, 1988). Endogenously synthesized antigens fall into at least 
two classes, 1) those which are directed to the cell surface or 
secreted, and, 2) those which remain within the cytosol or the 
nucleus. The former category of antigens penetrate the ER and 
meet, at some stage, newly synthesized and/or recycling MHC 
molecules. The second category of antigens somehow cross a 
membrane and associate with MHC molecules by a process vvhich 
is not fully understood. Both ~ types of endogenous antigens 
are presented as illustrated by class I-mediated presentation of 
endogenously synthesized influenza nucleoprotein and 
haemagglutinin (Townsend et al., 1988 a,b; Braciale et al., 1987) . 
. W hen a modified influenza haemagglutinin gene, 
engineered by deleting the signal sequence (Townsend et al., 
1986b) or the membrane anchor sequence (Braciale et al., 1987) , 
was used for transfecting target cells, many Tc cell clones · 
directed against mouse cells expressing the wild type membrane-
anchored protein still recognized cells expressing the modified 
gene, thereby indicating that viral antigens need not be 
expressed on the surf ace of infected cells for Tc cell recognition. 
The viruses expressing fusion proteins cause their 
structural proteins to enter the cytosol of cell with which they 
fuse. Yewdell et al (1988) shovved that heat-inactivated 
i s 
influenza virus \Vhich retains fusion activity, but~ no longer able 
to replicate, sensitized target cells for lysis by Tc cells. Both 
internal (nucleoprotein and polymerase, PB 1) and external 
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(haemagglutinin) proteins derived from v1nons were processed 
by cells for Tc cell recognition. This sensitization required the 
inactivation of viral neuraminidase activity. However, the 
inactivation of viral fusion activity by brief exposure of heated 
virus to pH 5 prevented target cell sensitization for lysis by Tc 
cells. . These studies established that intact, structural viral 
proteins can be processed by target cells given that sufficient 
quantities are delivered to their cytoplasm. 
tC> 
Introduction of soluble proteins in( the cytoplasm also 
sensitizes the target cells for Tc cell recognition. l\1oore et al 
(1988) obtained chicken ovalbumin (OV A)-specific Tc cell 
responses by immunizing mice with transfected cells which 
cl produce{ OVA endogenously. Target cells incubated with native 
OVA (pinocytosed OVA) were not sensitized for Tc cell 
recognition. However, when OVA was released into the cytosol, 
by osmotic lysis of pinosomes, it was processed and the resulting 
peptides associated efficiently with class I molecules. Recently , 
by using the antibiotic brefeldin, which blocks the transport of 
proteins out of the ER, it was shown that processed cytoplasmic 
antigens associate with class I molecules prior to their egress 
from the ER (Long, 1989). 
4.2: Antigen-processing for MHC class II-restricted presentation: 
The various stages of antigen processing can be defined as, 
1) initial antigen interaction with an APC and uptake of antigen, 
2) processing of antigens by as yet undefined enzymes, and, 3) 
the interaction of processed antigen with class II molecules. 
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4.2.1. Initial antigen interaction \vith APC and uptake: 
Initial interaction between antigen and APC surface 
strongly influences the efficiency of processing (Snider and Segal, 
1987; Lazavecchia, 1987; Manca et al., 1988). These interactions 
can either be direct and specific ( e.g. surf ace slg of antigen-
specific B cells) or mediated by interactions of 
antigen/antibody/complement complexes with surface C3R and 
FcR. Increased positive charge on the antigen also enhances 
processing, probably by increasing binding to the negatively 
charged cell surface (Apple et al., 1988). The uptake of antigen 1s 
both time and concentration-dependent and may involve 
pinocytosis or phagocytosis. 
Another potential pathway of antigen uptake is fluid phase 
pinocytosis . However its mechanism has not yet been clearly 
established. After the initial phase of endocytic adsorption of the 
protein on the plasma membrane of the cell, a pinocytic vacuole 
is formed by invagination of plasma membrane which 
subsequently travels towards lysosomes. 
4.2.2. Processing of antigens by intracellular enzymes: There is 
now considerable evidence that at least one obligatory step in the 
processing of a variety of protein antigens is proteolysis, since 
antigen processing can be blocked by a variety of specific 
protease inhibitors. Recently Yoshikwa et al ( 1987) showed that 
the variability of antigen presetation by TNP-specific B cells 
treated with leucopeptin, a thiol protease inhibitor, is due to the 
usage of different proteases in the generation of specific epitopes 
recognized by the Th cells utilized. These authors suggested that 
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different groups of proteases are required during antigen 
processing, so that a particular specific antigenic epitope can be 
presented to and recognized by the TcR. Buus and Werdelin 
( 1986) have examined the role of proteolysis in the presentation 
of antigens by guinea pig accessory cells by using 
benzy loxycarbony 1-pheny lalany lalanine-diazomethy I-ketone 
(ZPADK), a group-specific inhibitor of 'cysteine proteinases' and 
pepstatin A, group-specific inhibitor of 'aspartic proteinases'. The 
results indicated that inhibition of cysteine proteinases of APC 
caused profound inhibition of both the proteolytic degradation 
and presentation of dinitrophenyl-poly-L-ysine. However the 
presentation of another synthetic antigen, a copolymer of L-
glutamic acid and L-lysine was enhanced by the same inhibitor. 
These results indicate that, a) inhibitor may completely block the 
presentation if it inhibits a proteinase which is absolutely 
necessary for the production of the epitope-carrying fragment, 
b) the inhibitor may enhance the presentation of the epitope if it 
inhibits a proteinase which normally causes destruction of the 
fragment carrying the epitope. 
A number of compounds have been shown to block class II 
MHC-restricted presentation by APC of endocytosed antigens. 
These include acidotropic agents ( chloroquine and NH4Cl; Ziegler 
and Unanue, 1982), inhibitors of membrane recycling (such as 
monensin), inhibitors of proteases (leucine peptidase and 
cysteine proteases); (Werdelin et al., 1988), and cerulinin (which 
blocks posttranslational modifications of proteins by lipids; Fala 
et al., 1987). These studies imply that low pH proteolysis of 
antigens within endosomes is one of the essential requirements 
for class II-restricted presentation. Recently, Guagliardi et al 
(1990) defined the pathway for class II antigens by 
immunoelectron microscopy. They showed that the export 
M H c. Ct nt\'.J en ~ 
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pathway for class II ; and the antigen import pathway meet 1n a 
peripheral early endocytic compartment which has all the 
machinery for processing and presentation. These include, 
proteolytic enzymes (cathepsin B and D) and class II molecules en 
route to the cell surface. 
The evidence to support a definitive role of the Ii, which 
associates with class II MHC molecules soon after their synthesis 
in the ER, has been investigated in recent studies. The oligomeric 
class II-Ii complex moves through the Golgi apparatus where the 
proteins a'( e terminally glycosylated. Since the processing 
and release of class II proteins from Ii can be inhibited by the 
protease inhibitor, leupeptin, as well as by chloroquine and 
NH4Cl, it has been suggested that it is an endosomal compartment 
in which dissociation of class II proteins from Ii occurs. This 
view was supported by Cresswell (1985) who showed that 
endocytosed transferrin receptor i.e. ferri tin-neuraminidase 
conjugates, meet Ii and class II polypeptides in an early · 
endosomal compartment. Recently Stockinger et al ( 1989) found 
cou 1J 
that some class II-transfected fibroblasts I._ present antigen 
'-"'°'S 
only if it ~ provided in fragmented form. These cells did not 
process/present native antigen. However, if class II-transfected 
-t_\.,.,e 
fibroblasts were also transfected with Ii chain gene (either Ii 32 I .... 
or Ii 41 ), they efficiently stimulated T cells (Stockinger et al. , 
1989). Further, chloroquine treatment of fibroblasts abrogated 
the presentation of native antigen but not of fragmented antigen. 
These studies demonstrated that Ii is required for appropriate 
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processing of antigen or for binding of processed antigen to class 
II protein. 
• J 
. _ 1 he form of an 
antigen itself influences the processing requirements. On the 
basis of processing requirements of different antigens, Allen 
(1987) suggested 3 types of T cell determinants. Type I 
determinants are located on a portion of the peptide which has 
well segregated agretopes (MHC-interacting site) and epitopes 
(TcR interacting site; Katz et al., 1983) and they do not require 
processing. For example, determinants on the carboxy portion of 
a chain of human fibrinogen do not require processing (as fixed 
or chloroquine-treated APC were able to present this protein to T 
cells (reviewed by Allan et al., 1987). Lee et al ( 1988) mapped 
the T cell epitope on this molecule to Aa (551-571), which 1s 
located on the carboxy portion of the Aa chain. Since this portion 
had no defined secondary structure, these authors proposed that 
the direct association of this portion with I-Ek could be due to its 
conformational flexibility. Recognition of such a large molecule 
(340,000 molecular weight) without processing contrasts with the 
prevailing views about antigen processing. However, in this case 
it is possible that, 1) proteases associated with the T cell could 
degrade the antigen, or 2) a proportion of molecules 1n non-
native state added to the surface of APC might have bound to Ia 
antigens. Type II determinants simply require the polypeptide 
chain to be unfolded for processing ( e.g. lysozyme, ribonuclease, 
myoglobin) and Type III determinants are those which require 
proteolytic cleavage to meet the conformational flexibility 
nedded to form the correct Ia and T cell contact structure 
[ovalbumin (OVA), cytochrome C, insulin etc.]. 
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In the pigeon cytochrome C system, the fragment of 
cytochrome containing residues 60-1 14 required processing, 
whereas simply removing six residues 60-65, abolished this 
processing requirement (Kovac and Schwartz, 1985). This was 
shown to be due to a proposed T cell contact residue (Lys 99) 
which was accessible only after processing 
In addition, amino acid residues not included in the epitope 
influenced processing. For example, in the lysozyme system, 
Shastri et al ( 1986) found that the residues outside the minimal 
peptide determinant used, strongly influenced the antigenicity 1n 
H-2b mice, which was thought to be due to promoting or 
inhibiting unfolding and cleavage of the peptide. 
Thus, the determinants within a given protein together with 
the specificity of proteinases involved in antigen processing 
contribute to define the specificity of T cell responses. 
4.2.3. Interaction of processed antigen with MHC molecules: The 
first experimental evidence in favour of a specific interaction 
between antigens and MHC came from the functional studies by 
Werdelin (1982) showing that antigens restricted by the same 
MHC molecules could compete for presentation at the level of 
APC. In an attempt to demonstrate that antigenic fragments cou Id 
bind directly to MHC class II molecules, Babbitt et al ( 1985, 
1986) performed equilibrium dialysis studies using affinity-
purified ivIHC molecules and labeled synthetic peptides. It was 
demonstrated that HEL peptide 46 to 61 bound to 1-Ak (from 
high responder strain, H-2k) but not to I-Ad (from low responder 
strain, H-2d). Similar results were obtained using OVA 323-339 
(Buus et al., 1986, 1987). These results suggested that it was 
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necessary for immunogenicity that peptides bind to the MHC 
restriction element and that only peptides which bind to MHC 
molecules can be recognized by T lymphocytes. However, it did 
not mean that all peptide-MHC complexes were immunogenic. 
MHC molecules cannot distinguish between self and non-
self peptides. Recent experiments using haemoglobin variants of 
the mouse have shown that self haemoglobin-Ia complexes 
permanently exist in vivo on APC (Lorenz and Allen, 1988). The 
general notion from such studies is that there is a diverse array 
of MHC-peptide complexes on cell surf aces, with peptides being 
derived from internal self-proteins (for class I) or from 
endocytosed self-proteins (for class II). The ability/inability of 
self peptides to bind MHC in relation to the mechanism of self-
tolerance was studied by Babbitt et al (1986) who showed that 
the murine peptide analogue of HEL (52-61 ), which differs from 
REL (52-61) only by single amino acid, can indeed bind to a 
mur1ne I-Ak molecules but cannot stimulate a HEL (52-61)-
specific murine T cell hybridoma. Similarly, Adorini et al ( 1988) 
showed that a synthetic peptide of mouse lysozyme, 
corresponding to residues 46-62, which binds to I-Ak although 
not immunogenic itself, effectively inhibited priming for T cell 
responses when injected with immunogenic HEL 46-61 or HEL 
112-129. The latter generate responses restricted by I-Ak. In 
contrast, Lorenz and Allen (1988) showed that murine 
ribonuclease (RNase) peptide (43-56) did not bind to purified 
I-A k and could not compete for the functional presentation of 
bovine RNase (43-56) to a specific T cell hybridoma, which led 
them to conclude that self/non-self discrimination can occur by 
at least t\vo mechanisms. First, if a self-peptide cannot bind to 
37 
the class II molecule, then it could never be immunogenic for 
could 
class II-restricted T cells. However, if the self peptide /... bind 
to the class II molecule, then self-tolerance would need to occur 
either through functional or physical deletion of the potentially 
self-reactive T cells. 
If self antigens compete with foreign antigens, then the 
question arises as to how an immune response could develop 1n 
the context of such a vast excess of self proteins. Recently, 
Lorenz et al (1990) addressed this question by examining the 
ability of normal mouse serum to inhibit the presentation of 
bovine RN ase A that enters an APC through flu id phase 
wo...s 'tc:::t¥~r> Ll? 
pinocytosis and M-RNase (mannosylated RNase), which enters ( b, 
APC through the mannose receptor. The results showed that the 
presentation of M-RNase was minimally reduced by competition 
with self proteins, whereas the presentation of non-M-RNase was 
almost entirely inhibited. These results indicate that receptor-
mediated uptake of antigens can be a critical step in overcoming 
the competition with self peptides during the generation of 
. . . immune responses zn vzvo. 
The necessity of antigenic-MHC interactions for 
immunogenicity was further supported by competition 
experiments. Buus et al (1987) studied the . btnJ;n_,· of 12 
different antigenic peptides to 4 different class II molecules. The 
binding was examined directly as well as by inhibition assay in 
which 12 unlabeled peptides were used to inhibit the binding of 
a labeled peptide known to bind to a par ticu lar MHC molecule. It 
was shown, 1) peptides that would bind to a particular MHC 
molecule would inhibit the binding of any other peptide to that 
molecule , thereby indicating that all peptides compete for the 
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same MHC-binding site 1.e. an MHC molecule can bind only one 
peptide at one point in time, and, 2) binding or competition was 
ahvays correlated with the known MHC specificity of immune 
responses to a given antigen. 
These experiments support the "determinant selection" 
hypothesis (Barcinski and Rosenthal, 1978) in the sense that class 
II molecules somehow select the part of the antigen that will 
serve as a determinant for T cell recognition and can also explain 
the immune response category of a responding or non-
responding genotype in some cases (Schwartz, 1986). 
Thus the net result of antigen processing is salvation of 
potential epitope carrying fragments from total proteolytic 
degradation ("determinant protection", Werdelin, 1986) and their 
association with MHC class II antigens for TcR recognition. 
Minimum peptide length necessary for T cell stimulation was 
determined by using sets of overlapping synthetic peptides and 
testing their ability to stimulate T cells. A number of antigenic 
sites were identified in this way on proteins such as 
staphylococcal nuclease, cytochrome C, myoglobin, insulin · and 
OVA (reviewed by Livingstone and Fathman, 1987). These 
studies indicate1 that T-cell epitopes depend upon peptides of 
approximately 6 to 20 amino acids. Further, the importance of a 
particular residue has been examined in such studies using 
w i -l ~ cJ ·1 ff~"< ent._ " es·, d t.\. e ..s 
peptides substituted /... at various positions. When the 
conformational preferences of polypeptide segments from moth 
and pigeon cytochrome C (residues 88-103 or 87-104 of the 
pigeon cytochrome C) were examined (Pincus et al., 1985), the 
residues 88-91 and 94-98 from pigeon and moth, respectively, 
showed a strong tendency to form an a-helix, despite a 
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difference in sequences at the residues 88-89. From these 
studies a correlation between conformation (a-helix in this case) 
and biological activity was established. 
Schwartz et al (1985) further analyzed the biophysical 
aspects of T cell responses to moth cytochrome C, with known TcR 
contact residues, 97-103. Addition of residues outside the 
epitope increased the antigenic potency which was thought to be 
due to the stabilization of the secondary structure in a-helical 
configuration. Thus the secondary structure of peptides may 
play a role in determining the potency of antigenic determinants 
involved in the activation of T cells. Several groups have 
suggested different models for predicting T cell epitopes by 
comparing the sequences of known epitopes. These models are 
based upon amphipathic conformation (Delisi and B erzofsky, 
1985) and presence (or absence) of charged residues in a given 
peptide (Rothbard and Taylor, 1988). Although these models 
have predicted T cell epitopes · in .. a variety of antigens, their 
generality is yet to be established. 
5. Immune response gene (Ir) effects: 
Ir genes control differences in the magnitude and fine 
specificity of an immune response as well as responsiveness or 
non-responsiveness to a given antigen. It is now well established 
that important Ir genes code for MHC molecules and are involved 
in MHC-restricted T cell interactions (reviewed by Schwartz, 
1986). Several mechanisms have been proposed to account for 
the effect of class II MHC genes on T cell responses. These 
models can be grouped into 2 categories, antigen presentation 
models and repertoire selection models. At present there is no 
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substantial evidence to argue that one of these mechanisms of Ir 
gene-controlled non-responsiveness is dominant. 
5 .1. An ti gen presentation models: These models hold that Ir 
genes function at the level of antigen processing and/or class II 
MHC-peptide interaction, and the non-responsiveness is due to an 
inability of APC to present antigen to T cells. Evidence for this 
came from the studies by Babbitt et al (1985) who showed that 
the binding affinity of Ia molecules for the processed antigen is 
obligatory for the presentation of the latter ( discussed in detail in 
section 4.2.3 .). The antigen-presentation models assume that the 
mature T cell repertoire may not differ between responder and 
non-responder strains. Such models cannot account for failure to 
respond to self peptide-MHC complexes which are known to exist 
(Lorenz and Allan, 1988; B uus et al., 1988). 
5.2. Repertoire selection models: Several different models have 
been postulated to account for repertoire selection. These are, 
5 .2.1. Limitations in the germline repertoire or "hole in the 
repertoire" model: According to this model, the degree of TcR 
diversity is not sufficient enough to generate a totipotent 
repertoire, which leads to the formation of "holes in the 
repertoire". A limited germline repertoire might preclude the 
formation of a combining site for a particular form of MHC 
( Schwa'Ti 'Z~ I 'lS6) 
molecul~ . This seems to be only a theoretical possibility because 
natural selection should elim.inate individuals with inherent low 
diversity of T cells. 
5.2.2. MHC-restricted tolerance model: ,'\n alternative effect of 
MHC molecules on the response phenotype could be due to 
selective differences in the T cell repertoire caused by MHC-
4 1 
dependent selection mechanisms (Schwartz, 1978). For example , 
the T cell population is presumably physically or functionally 
purged of any cell that recognizes self-protein products in 
association with self MHC molecules. If these self-antigen-MHC 
complexes cross react with foreign antigen-self MHC complexes 
then the strain would be unresponsive to the foreign antigen. 
Mullbacher et al ( 1983) showed that presence of Kk in H-2 
recombinants such as 2R (Kk Db) and 4R(Kk Db) or in Fl hybrids, 
greatly reduced the anti-vaccinia-Db response; this was not the 
case with the Kb, Kd and Kq alleles. These authors proposed that 
the suppressive influence of Kk on anti-vaccinia-Db Tc cell 
responses was as a result of self-tolerance in which Kk (possibly 
plus self peptide ) cross-reacted with vaccinia + 
Db. 
Guillet et al ( 1987), in analyzing the response to a peptide 
(12-26), derived from bacteriophage lambda cl repressor protein , 
found that this peptide bound significantly to I-Ad, but much 
stronger to I-Ed, and yet the T cell response was restricted to I-
Ad and not to I-Ed. The lack of I-Ed-restricted T cell responses in 
this case can be explained on the basis of self-tolerance, in which 
I-Ed (and possibly self peptide) cross-reacted with peptide (12-
26) complexed with I-Ed. 
5.2.3. Preferential generation of suppressor T cells: Definitive 
evidence for antigen-induced, Ia-restricted activation of 
suppressor cell came from the studies reported by Asanso and 
Hodes (1983). Lyt-1 +2- T cells from parent A suppressed, in 
antigen-specific fashion, the responses generated by (A x B) Fl 
Th cells cooperating with parent A cells, but did not suppress 
responses by the same (A x B) Fl Th cell population cooperating 
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with parent B. Whether such phenomena have more widespread 
significance 1s unknown. 
6. MHC-restricted T cell activation: 
Following the presentation of an antigenic peptide in association 
with class II ( or class I) MHC molecules, specific recognition by 
TcR leads to receptor-mediated signal transduction in T cells. 
This 1s one of the fundamental mechanisms in the transduction of 
a wide variety of extracellular signals into cellular responses. 
Various other ligands that bind to TcR such as MAbs against CD2, 
CD3 or calcium ionophores also induce phosphoinositide 
degradation and Ca2+ mobilization, although the precise role 
played by the latter in the activation of lymphokine encoding 
genes is not known. The process of T cell activation is 
accompanied by massive reorganization of cytoplasmic organelles 
and of cytoskeletal proteins inside the cell, and the TcR become 
concentrated in the region in contact with the APC (Kupfer et al. , 
1987). 
7. Heterogeneity of MHC class II-restricted T cells: 
In past few years Th cells have been shown to secrete a 
variety of lymphokines, which are no,N collectively known as 
interleukins (ILs). Traditionally, CD4 + T cells have been 
described as helper cells, although this term was originally 
defined by the ability of T cells to help a B cell to make specific 
antibody. Now we know that subsets of murine CD4+ T cell lines 
(THl and TH2) produce distinct patterns of lymphokines 
(Mosmann et al., 1986). THI cells produce IL-2 and IFN-y, in 
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response to MHC-restricted antigen presentation or Concanavalin 
A (Con A), whereas TH2 cells produce IL-4, IL-5 and IL-6. Both 
the cell types produce IL-3. Janeway et al (1988) referred to 
THl as inflammatory T cells (T inf); and TH2 as helper T cells 
(Th). Mosmann et al ( 1986) further showed that these two 
subsets require different autocrine growth factors; IL-4 being a 
growth factor for TH2, (which functions only in the presence of 
IL-1) and IL-2 for THl cells. Since IL-4 is required for the 
production of IgG 1 and IgE antibodies, (Vitetta et al., 1985) the 
responses driven by TH2 cells are dominated by the antibodies of 
these isotypes, and these responses can be inhibited both in vivo 
and in vitro by anti-IL-4 antibodies (Snapper and Paul, 1987). 
However, this functional dichotomy of class II-restricted T cells 
does not hold all the time. Several short-term human and 
murine T cell clones showed a marked deviation from TH1/TH2 
classification (reviewed by Kelso, 1990). Therefore it seems that 
peripheral T cells are not precommitted to a particular 
lymphokine secretion pattern. The question as to whether there 
is a selective activation of THI and TH2 subsets during in · vivo 
priming is rather contentious. The inferences derived from 
several in vitro studies strongly suggest the possibility of in vivo 
occurence of these subsets. These are, 
1) Splenic dendritic cells have been shown to present antigen 
to T cells that can proliferate in vitro in response to antigen (THI) 
but not to functional B cell helpers; whereas splenic and 
peritoneal macrophages can present antigens to both THl and 
TH2 T cells (Ramila et al., 1985). 
2) Tite et al (1987) showed that mice expressing I-As make a 
strong in vitro proliferative response to human basement 
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membrane collagen type IV . In contras t, when serum antibody 
production was measured, only mice expressing I-As failed to 
make an effective antibody response, whereas (I-As x I-Anon-s ) 
Fl showed a strong T cell proliferative response, but gave lower 
antibody responses than I-Anon-s. Jane\\1ay et al (1988) further 
-fo--< 
showed a distinct lymphokine secretion pattern , i T cells 
obtained from immunized H-2d , H-2s and (H-2d x H-2S) Fl mice 
and interpreted these findings as the effect of Ir genes in the 
selective activation of Tinf and Th. 
3) In vivo depletion of B cells by anti-µ antibodies resulted in 
defects in the priming of T cells that mediate DTH and in vitro 
proliferative responses (Herrmann et al., 1988; Ron and Sprent, 
1987), which could be due to a defect in the generation of THI as 
well as TH2 cells in B-cell-depleted mice. 
With regard to the priming requirements for these cells, 
Janeway et al (1988) suggested that THI cells require higher 
concentrations of ligand than TH2, which can be achieved by B 
cells through efficient uptake of antigen via surface slg. In 
contrast, TH2, which require IL-1 for their autocrine growth, do 
not require B cells for their priming, and are most likely primed 
by macrophages. Thus, the ligand density is the determining 
factor for the activation of THl and TH2 cells. Recently, 
Mosmann and Coffman (1989) proposed that the activation of 
THI cells lead to effector functions causin g cytotoxicity which 
may be relevant in dealing with intracellular pathogens . TH2 
activation, on the other hand, would induce the features of an 
allergic responses. 
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The biological properties of the lymphokines secreted by 
activated THI and TH2, with reference to their effect on APC and 
T cells are shown in Table 1.1. 
8: Flaviviruses: 
The Flaviviridae are a family of 65 currently recognized 
arthropod-borne viruses of medical importance. Amongst these, 
28 have been associated with diseases in human beings, 3 
of which, dengue, Japanese encepalitis (JE) and yellow fever, are 
of major public health importance ( Mo~-t.h, \C\'6(;). 
The prototype flavivirus infection, yellow fever, 1s 
characterized by fever, hepatic, renal and myocardial dysfunction 
and haemorrhage. Despite the use of a live attenuated vaccine 
(17 D), 250,000 people in West Africa have been affected over 
( t'1Df'):l..1 h_ l ~~t) • 
last 20 years t.. This disease is also prevalent in tropical America. 
Four sero-types of dengue virus are prevalent in endemic 
- in the Carribean, Southeast Asia, and East Africa and 
Oceania. This disease is characterized by fever, rash, headache, 
and arthralgia. Severe complications of dengue virus infections 
are dengue haemorrhagic fever (DHF) and dengue shock 
syndrome (DSS). The major pathophysiological hallmarks include, 
haemorrhagic manifestations ( vascular 1nJ ury, 
thrombocytopaenia, and coagulopathy ), pleural effusion, and 
shock which occur almost exclusively in persons with secondary 
infection with a heterologous serotype (Halstead et al., 1970; 
Halstead, 1989). This syndrome occurs annually in epidemic form 
in Southeast Asia, and occurred in Cuba for the first time after 
the second World War, in 19B I Despite many years of research 
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effort, vaccine development still remains at the experimental 
stage. Recently, the World Health Organization has targetted 
dengue viruses for intensive work toward vaccine development 
(Brandt, 1988). 
JE occurs in endemic and epidemic form over a wide area of 
Asia including, the Indian-subcontinent, China, Nepal, Burma, Sri 
( ,..,., o r,ct.:t Ir,., , °\ ~) . 
Lanka, Indo-China and Thialand . /... At least tens of thousands of 
cases, with a fatality rate of 20%, are reported annually. The 
disease has increased in importance during recent years and foci 
have been detected where it was previously rare or absent. 
Illness is manifested by fever, aseptic meningitis or encephalitis, 
vomition, dizziness and drowsiness. An inactivated adult mouse 
brain JE vaccine has been widely used in Japan. Although the 
technology for producing this vaccine has been transferred to 
other countries, the cost of production may make large scale 
production impracticable in certain Southeast Asian contries. In 
China, safety of a live attenuated JE vaccine produced in primary 
hamster kidney has been evaluated in children (Xin et al., 1988). 
Although this vaccine gives a reasonable protection, the disease 
continues to occur with over 10,000 cases reported per year. 
Attenuated vaccines have been developed for pigs, a major 
reservoir species of this virus, and successfully used in China and 
Japan (Huang, 1982). 
The mosquito-transmitted, West Nile virus (vVNV) is widely 
distributed in different parts of the world including, Africa, 
Europe, USSR, Middle East and Asia. Virus isolates from different 
areas show antigenic variations probably due to frequent 
intercontinental exchange of this virus by migrating birds 
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(Monath, 1985). On clinical grounds Wes t Nile fever resembles 
dengue ( r--1 o r,C\.-t h-' 19 is-) . 
Tick-borne encephalitis 1s clinically the most important 
European arbovirus infection. Infections with this virus have 
been reported from Austria, Czechoslovakia, Poland, FRG, 
Hungary, Switzerland, and USSR. 
Kunjin virus is indigenous to eastern and northern Australia 
and is within the serological complex comprising West Nile, JE, St. 
Louis encephalitis (SLE) and Murray Valley encephalitis (MVE). 
This virus is widely distributed in Australia and often in 
association with MVE but it is rarely associated with clinical 
(Mull~Y, 19ib) • 
infection/\ Sporadic epidemic encephalitis due to MVE occurs 1n 
Australia, but its significance as a public health issue is limited. 
Although many of these agents can be transmitted by 
aerosols or by body fluids, such as milk, urine or blood, in most of 
the cases a complex pattern of interactions involving virus, 
arthropod vector, vertebrate host, and the ecosystem, determine 
. 
the intensity and the pattern of virus transmission. These viruses 
are capable of indefinite survival in insects by transovarial (from 
one generation to the next, in mosquitoes) and trans-stadia! 
transmission (from one developmental stage to the next, in ticks). 
For arboviruses, with few exceptions, large vertebrates are 
typically amplifying hosts. Man can be implicated either as an 
incidental host in a dead-end cycle or as an active reservoir host 
causing other human infections, either by direct contact or 
through specific insect vectors. In tropical countries where the 
arthropod vector is plentiful year round , some of the diseases are 
endemic. In regions subjected to monsoonal rains, epidemics of 
mosquito-borne diseases may occur toward the end of the wet 
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season (e.g JE in Southeast Asia). Man-made changes in the 
ecosystem such as construction of dams, in irrigation projects 1n 
the arid regions have provided a breeding habitat for mosquitoes 
and water birds, resulting in the formation of enzootic foci in 
areas in which they were previously unknown. A different 
species of mosquito, with anthropophilic habits, may become 
involved in transmission of the virus in humans , and may then 
maintain the virus in man-mosquito-man, e.g., Aedes aegypti, the 
mosquito vector of dengue and urban yellow fever. 
8.1. Classification and structure of flavi viruses: (1311 ; r,tcr,/ \~~) . 
All flaviviruses share a group-specific antigen,.<. On the basis 
of serological cross-reactivity and the type of arthropod vector 
involved in transmission during the natural cycle, flaviviruses 
are grouped into seven complexes (Table 1.2) (Brinton, 1986). 
The viruses discussed in this thesis belong to sub-group III 
which includes, JE, WN, SLE, MVE and Kunjin. 
Flaviviruses contain a central nucleocapsid surrounded by 
an envelope. Virions are spherical and have a diameter of about 
40-50 nm. Genomic single-stranded RNA is of positive polarity 
(0"'< H,t.c f"\ \qq,6) · 
(plus-stranded) and 1s infectious,( The nucleotide sequence of 
several flaviviruses are now available, including yellow fever 
(Rice et al., 1985), MVE (Dalgarno et al., 1986), West Nile (Castle 
et al., 1986), JE (Sumiyoshi et al., 1986), dengue-4 (Macko\v et 
al., 1987), SLE (Trent et al., 1987), and Kunj in (Coia et al. , 1988 ). 
All these studies indicatet that the genome of flaviviruses consists 
of a single-stranded RNA of nearly 11kb, which encodes from 5' 
end the structural proteins, core (C), membrane (M) protein 
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precursor (prM), and envelope (E), followed by the non-structural 
proteins NSl, NS2A, NS2B, NS3, NS4A, and NSS. 
Flaviviruses can replicate in a wide variety of cells of 
vertebrates and some arthropods. The initial latent phase of the 
flavivirus replication cycle lasts for 12 hours; after which 
progeny virus begins to be released from the infected cells. 
Maximal titres of virus do not begin to be produced until 24 
( & 1 n-t..o'P .... 19 ~) . 
hours after infection,( The synthesis of high levels of cell 
CB"'(·, ~"t.Ch, 1~~6). 
proteins continues throughout the flavivirus replication cycle,,< . 
The genomic 40S RNA is the initial template for minus strand 
complementary RNA, which subsequently becomes the template 
for the synthesis of progeny plus-stranded RN As. These newly 
synthesized plus-stranded RNAs are utilized as templates for the 
production of more minus-strand RNAs, as mRNA, and as 
molecules for encapsidation into progeny vinons. Translation 1s 
initiated close to the 5' end of the RN A and it is thought to result 
in a long peptide chain containing all the viral proteins (Coia et 
al., 1988). Signal sequences precede the amino terminus of prM, 
E and NS 1. Various structural and non-structural proteins 
usually detected in flavivirus-infected cells are shown in Table 
1.3. 
8.2. Immune response to flaviviruses: 
A great body of information about immune mechanisms 
involved during pathogenesis of flaviviruses has been derived 
from experiments with mice and other laboratory rodents using 
adapted strains of viruses. The following is a brief literature 
survey on the immune response to flaviviruses. 
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In mur1ne models, flaviviruses induce specific 
haemagglutination-inhibition and neutralizing antibodies of both 
IgM and IgG classes by 4 to 6 days after infection. IoM b 
antibodies predominate in the early phase of infection and 
persist for up to 3 weeks; this is fallowed by the appearance of 
IgG antibodies. Neutralizing antibodies are primarily directed 
(Morct..-l~., \q ~ '5 • 
against the viral E and M proteins.{ The E glycoprotein binds to 
red blood cells and is probably involved in haemagglutination. 
Complement-dependent cytotoxic antibodies directed against 
membrane-associated non-structural protein, NS 1, have also been 
shown to protect the mice from yello\v fever (Schlesinger et al., 
1985, 1986) and dengue challenge (Zhang et al., 1988). 
Antibodies directed against non-structural proteins on the 
surface of infected cells appear relatively late, but may play an (M c,M:f~ tqgt_). 
irnportant role in viral clearance,( Antibody-dependent, 
complement-mediated cytotoxicity has been demonstrated l n 
vitro, using Raji cells infected with dengue (Kurane et al., 1984). 
Recent studies of antibody responses in human cases (Burke et 
al., 1985) revealed that, 1) 
\ ocaJ\1 in C NS 
antibodies are not produced ~ in inapparent infections, 2) fatal 
encephalitis is generally associated with either absence, lower or 
delayed levels of appearance of specific IgM and IgG antibodies 
in serum and cerebrospinal fluid, and, 3) patients recovered 
from encephalitis show high levels of serum and local CNS 
antibody responses. 
With flavi viruses, the classical form of non-specific , NK-cell 
mediated cytotoxicity has been reported with splenocytes and 
PEC from mice on day 2 post-infection with Kunjin (NiacFarlan et 
al., 1977) and with peripheral blood leukocytes (PBL) in humans 
5 1 
from day 8 to 12 post-immunization with yellow fever (Fagaeus 
et al., 1982). Homchampa et al (1988) assayed NK cell activity 
against K-562 target cells and HNK-1 + cell levels (determined by 
immunofluorescence) in PBL of Thai children with dengue 
haemorrhagic fever/dengue shock syndrome, during febrile st°'se1 
shock ( 1-2 days of subsidence of fever), early convalescent (3-4 
days of subsidence of fever) and late convalescent (14-18 days of 
subsidence of fever) stages. The study revealed that the levels of 
HNK-1 + cells were significantly decreased in the febrile and shock 
stages and were normal in the early and late convalescent stages. 
However, on a per cell basis NK activity (determined as 
percentage cytotoxicity of HNK-1 + cells for each sample) was 
significantly increased in the early stages of the disease with a 
peak during shock. These results indicated that NK cells may 
play some role in the pathogenesis of DHF/DSS. 
With regard to T cell responses, various groups have 
studied DTH responses, T-cell cytotoxicity, and proliferative T cell 
responses. Most studies have shown the onset of such responses 
either simultaneously or shortly before the appearance of serum 
antibodies. Tc cell activity was demonstrated in Ba.nzi v1rus-
infected mice by day 6, was maximal by day 8, and decreased to 
background levels by day 16 (Sheets et al., 1979). Gajdosova et 
al ( 1981) reported Tc cell responses against Lang at, a member of 
the tick-borne encephalitis group, from 2 to 9 days post-
infection, with a peak on day 6. Kesson et al (1987, 1988) 
studied the primary in vivo and secondary in vitro Tc cell 
responses to \VNV. Primary WNV-immune T cells from CBA/H 
(H-2k) mice showed Kk-restricted Tc cell activity from 4 to 7 
days post-priming , with a peak on day 5. A potent secondary 
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WNV-immune Tc cell response in vitro was also studied to 
evaluate H-2 restriction patterns. These responses were mapped 
to the K region in the H-2k haplotype and both K and D regions of 
the H -2 d haplotype. Pang et al ( 198 8) have shown a dengue 
virus-2-specific in vitro secondary Tc cell response in CBA mice. 
Flaviviruses, Langat and yellow fever (Gajdosova et al., 1980), 
dengue and JE (Pang et al., 1988) and WN and Kunjin (Hill, 1990) 
are also known to cross-react at the level of Tc cell recognition. 
Studies on MHC class II-restricted T cell reponses by 
measuring inflammatory infiltration after foot pad challenge 
have been reported in SLE (Hudson et al., 1979), dengue (Pang et 
al., 1982) and JE (Mathur et al., 1983 ). These studies revealed 
that peak responses were observed on day 6 after priming. In a 
murine model, Rothman et al ( 1989) demonstrated that dengue-
immune L3T4+ T cells obtained from dengue 4 virus-primed 
BALB/c mice, predominantly responded to preparations 
containing a combination of C, pr-M, E, NS 1 and NS2a proteins of 
dengue 4 virus, expressed in Sf9 cells with a recombinant 
baculovirus, and to a lesser extent, to the dengue 4 virus E 
protein alone. Cross-reactivity at the level of Th cell recognition 
in WNV, Kunjin and MVE viruses has been reported by Uren et al 
(1987). 
The broad context for evaluation of the role of T cell 
responses in flavivirus infections is as follo ws. 
Firstly, the importance of T cells in recovery from acute viral 
infections has been well established (Blanden, 197 4 ). Acute and 
persistent lymphocytic choriomeningitis virus (LCMV) infection 
can also be cleared by T cells (Mims and Blanden, 1972; Oldstone 
et al. , 1986) even from the substance of the brain, without direct 
5 3 
vascular access (Olds tone et al., 1986). However, in the LCMV -
infected CNS, T cell-mediated immune mechanisms can contribute 
towards immunopathology, (Cole et al., 1972; Zinkernagel and 
Doherty, 1973 ). It may be that such mechanisms are involved 1n 
the pathogenesis of encephalitis produced by flaviviruses. 
Secondly, large numbers of flaviviruses co-circulate in areas 
of endemic human disease. Serological cross-reactions amongst 
flaviviruses have been reported both in vitro (Westway, 1965; 
Madrid and Porterfield, 197 4) and in vivo (Price, 1963; 
Henderson et al., 1970; Kayser et al., 1985) on the basis of cross-
protection studies. Recent work suggests that MAbs directed 
against several epitopes mapped on glycoprotein E cross-react 
extensively with other flaviviruses (reviewed by Roehrig, 1986). 
Cross-protection from challenges with SLE, JE and MVE (Roehrig, 
1983) using non-neutralizing, cross-reactive NIA bs has been 
reported. However, such cross-reactive antibodies also enhance 
the replication of certain flaviviruses including dengue and 
yellow fever, in Fe receptor-bearing cells (Halstead and O'Rourke, 
1977, Peiris and Porterfield, 1979, Halstead et al., 1980; Gould et 
al., 1987). 
Q fr)O r,5 5t f \Qv'1 \J'1 '<tJ5e..3 
Cross-reactivity,( is of particular importance 1n the 
pathogenesis of DHF/DSS. These syndromes occur almost 
exclusively in persons who experience a secondary infection with 
a heterologous dengue serotype (Halstead et al., 1970), indicating 
the probable association of these syndromes with the immune 
status of an individual. This was shown to be probably due to 
complexes, formed by pre-existing, non-neutralizing, heterotypic 
IgG antibodies with virus, which promote both attachment to and 
infection of Fe-bearing monocytes (Halstead and O'Rourke, 1977; 
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Halstead et" al., 1980; Gollins and Porterfield., 1984 ). Evidence 
for this was derived largely from in vitro studies employing PBL 
and macrophage cell lines. The results obtained from 
experimental sequential infections of monkeys (Halstead et al. , 
1973) and challenge after passive administration of antibodies 
(Halstead et al., 1979) support this concept. In these monkeys, 
levels of viraemia and virus titres in tissues were higher than in 
non-immune control monkeys. Anamnestic antibody responses 
early in the course of secondary infection are typically cross-
reactive. Other possible mechanisms involved in the 
pathogenesis of DSS include, complement activation, histamine 
release and consumptive coagulopathy (reviewed by Halstead, 
1989). 
In addition, the role of T cells in the pathogenesis of 
DHF JDSS has also been postulated (Kontny et al., l 9 8 8). 
Proliferation and production of IFN-y was shown in PBL cultures 
derived from dengue-immune donors when stimulated with 
dengue 3 virus (Kurane et al., 1989). Since this lymphokine is 
known to increase Fey R (Guyre et al., 1983) on monocytes· which 
support dengue virus replication, these authors suggested that 
IFN-y-producing CD4+ T cells may augment dengue virus infection 
of human monocytes. In addition, Kontny et al ( 1988) showed 
that IFN-y acts synergistically with non-neutralizing antibodies 1n 
the enhancement of infection in n1onocytes. It is likely that 
cross-reactivity at the level of Tc and Th cell recognition of 
--t~ 
flavivirus antigens may contribute toward in1munopathology ).._ 
associated with DHF and DSS, probably involving production of r 
lf'-1 o s ma nr, 
IFN -y (recent evidence suggests that Tc cells also secrete IFN-y) k Ccf2Crnan, 
\ °t '6°C, ) • 
It is also likely that IL-2 and IFN-y, produced by inflammatory T 
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cells will augment the production of tumour necrosis factor a and 
~ in monocytes (Nedwin et al., 1985). Swelling and hyaline 
necrosis of Kupffer cells, commonly observed in histologic 
examination (reviewed by Halstead, 1989) may be due to tumour 
necrosis factors secreted by activated monocytes . Taken 
together, these findings strongly suggest the possible role of the 
products of activated monocytes and inflammatory T cells in the 
pathogenesis of DSS. 
Understanding of the nature of viral antigens involved 1n 
recovery and the protective immunity on one hand and 
immunopathology on the other hand will provide insight into the 
rational development of future vaccines. In the case of 
arboviruses, with increasing difficulty in the control of vectors 
because of acquired resistance to pesticides and inaccessibility of 
certain vectors to control measures, vaccines would provide an 
important approach to reduce the incidence of such infections in 
the populations at risk. Studies described in this thesis represent 
a step towards the identification of sources of flavivirus ep1topes 
recognized by CD4 + T cells in mice. Although the murine ·models 
do not directly contribute towards human vaccine development 
or understanding of disease processes in humans, detailed 
investigation of cellular immune responses in laboratory animals 
in the absence of intercurren t infections and under defined 
conditions in vitro can provide fundamental information which 1s 
complementary to clinical studies in humans. 
Table 1.1 * : Biological effects of lymphokines secreted by activated T cells on B cells, 1nacrophages and T cells. 
Lyn1phokine 
IL -2 
IL -4 
Synonyms 
T cell growth 
factor (TCGF), 
T cell 1natura tion/ 
stimulating factor 
(TMF/TSF), Killer 
helper factor 
(KHF), T cell 
replacing factor 
(TRF). 
B cell growth 
factor - I (BCGF-1 ), 
B cell stimulatory 
fac tor-I (BSF-1), T 
cell growth fac tor 
II (TCGF-II), 
Macrop hage 
activating factor 
(MAF). 
Sources Biological activities. 
Activated THI T ce1ls:- Induction of proliferation of resting T cells, grovv1th 
cells, Tc cells. of activated THI & TI-I2 cells, Tc cell generation. 
B cells:- Proliferation of B cells with anti-lg + 
lipopolysaccharide (LPS), proliferation and differentiation 
of antigen-activated B cells, induces plaque forming cell 
responses to SRBC in the presence of IL-1 and IFN-y from B 
cells, induces IgM secretion from B cells. 
Activated TH2 T cells: - Proliferation of resting T cells with phorbol 
cells. myristate acetate (PMA), increased IL-2-receptor (IL-2R) 
expression in the presence of PMA, growth of activated THI 
& TH2 cells. 
B cell s:- Induction of class II MHC molecules on res ting B 
cell s, induction of FcER on resting B cells, increased 
secretion of IgG 1 & IgE by LPS-activated B cell s or B cells 
stimulated with 1' cells & antigen; down regu lation of IgG2a, 
IgG2b & IgG3 & IgM secretion by LPS-activated B ceJls . 
Increased class II MIIC expression on macrophages. 
Table 1.1 contd. 
IL-5 
IL - 6 
IFN-y 
B cell growth 
factor II (BCGF-II), 
T cell replacing 
factor (TRF), killer 
helper factor 
(KHF), eosinophil-
activating factor 
(EAF) 
Plasmacytoma 
growth factor, B 
cell stimulatory 
factor -2 (BSF-2) 
(human), IFN-P2 
(human) 
Macrophage 
activ ating factor 
Activated TH2 T cells:- Induces generation of Tc cells from peanut 
cells agglutinin-positive thymocytes in presence of IL-2. 
Activated T 
cells, 
Macrophages. 
Activated THI 
cells & Tc cells 
B cells: - Increased IL-2-R expression on activated B cells, 
increased IgM & IgG secretion, enhanced IgG 1 & lgE 
secretion with IL-4, increased IgA secretion by LPS -
activated B cells. 
T cells: - Induces Tc cell activity with IL-2 & IFN-y, co-factor 
for the expression of IL-2 R (human T celJs) 
B cells: - Proliferation & lg secretion by activated normal B 
cells. 
T cells:- Inhibition of IL-4-induced proliferation of TI-12 but 
not THI cells. Induction of IgG2a production in the 
presence of LPS, decreased IL-4-induced ac tivities, 
differentiation of B cells, increased M HC class I & class II 
expression on many cells, e nhancement of tumour necrosis 
fac tor , lymphotoxin production by macrophages, increased 
FcR exQression. 
* Iv1odified from O'Garra et al (1988) and Vitetta et al (1989). 
Table 1.2 Antigenic and vector classification of flaviviruses. 1 
Anti-
gen 1 c 
Mosquito-borne groupa 
Alfuy 
Bussuquara 
Japanese 
encephalitis 
(JE) 
Kunjin 
Murray Valley 
encephalitis 
(MVE) 
Saint Louis 
encephalitis 
(SLE) 
Stratford 
Usu tu 
West Nile (WN) 
Bagaza 
Kokobera 
Ntaya 
Tembusu 
Yokose 
Banzi 
Bouboui 
Edge hill 
Uganda S 
Dengue-1 
Dengue-2 
Dengue-3 
Dengue-4 
III 
III 
III 
III 
III 
III 
III 
III 
III 
IV 
IV 
IV 
IV 
IV 
V 
V 
V 
V 
VI 
VI 
VI 
VI 
Ilheus U 
Jugra U 
N aranj al U 
Sepik U 
Sponweni U 
Yellow fever U 
(YF) 
Wesselsbron U 
Zika U 
Tick-borne 
Kadam 
karshi 
Kyasanur 
Forest disease 
Langat 
Louping ill 
Omsk 
hemorrhagic 
fever 
Pow ass an 
Royal Farm 
Saumarez Reef 
Tick-borne 
encephalitis 
(TBE) 
Russian spnng-
s um mer 
Tyuleniy 
An ti -
g en 1 c 
g roup a Vecto r 
An ti-
gen1 c 
un kn own groupa 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
u 
C arey Is land I 
N e gis h i I 
P hnom Penh bat I 
Cow bone Ridge I I 
Jut iapa I I 
Mo c II 
Sal V ieja I I 
Erl i ta II 
Kou t ango III 
Israe l turkey VI I 
me n 1n go-
encep halitis 
A poi VII 
Bukalasae ba t VII 
Dakar b at VII 
Entebbe bat VII 
Rio Bravo VI I 
Saboya VII 
Aro a 
Cacipacore 
Gadgets Gully 
Montana m yotis 
leu k o -
en cephalitis 
Rocio 
Soku l uk 
u 
u 
u 
u 
u 
u 
a Antigenic groups are designated I, II, III , IV, V, VI, VII, and U 
(unknown ) 
1 Reproduced from Brinton, (1986). 
Protein 
Table 1.3 
Calculated 
size * 
Structural Proteins 
C 
prM 
E 
13 .4 
18 .4 
53. 7 
Kunjin-virus specified proteins . 
Propert ie s 
nucleocapsid protein 
precursor to minor v1r1on envelope 
protein M 
major v1r1on envelope protein 
Non-structural Proteins 
NSl 
NS2A 
NS2B 
NS3 
NS4A 
NS4B 
NS5 
39.8 
25 .4 
25 .4 
68 .9 
16 .1 
27 .5 
103 .6 
soluble complement fixing antigen 
hydrophobic, function unknown 
hydrophobic, function unknown 
RN A polymerase, protease? 
hydrophobic, function unknown 
hydrophobic, function unknown 
replicase con1ponent? 
* Adapted from Coia et al ( 19 8 8). 
CHAPTER 2 
IN-VITRO T CELL PROLIFERATIVE RESPONSE TO THE 
FLAVIVIRUS, WEST NILE 
Introduction 
Currently twenty-eight different flaviviruses are known to cause 
infections in humans in many countries throughout the world 
(Monath, 1986). The clinical manifestations associated with these 
infections include; an acute encephalitis, e. g. JE, MVE or SLE; 
fever, rash and arthralgia, e.g. West Nile fever or dengue fever; 
and haemorrhagic fever, e.g. yellow fever , dengue fever and 
shock syndrome. There is evidence to substantiate the 
importance of humoral antibodies in virus neutralization 
(Phillpotts and Porterfield, 1985; Gollins and Porterfield , 1986) 
and in immunopathology in dengue shock syndrome (reviewed 
by Halstead, 1989). On the other hand, despite several reports on 
the ability of flaviviruses to induce DTH (Pang et al., 1982; Allen 
and Doherty, 1986) and Tc cell responses (Kesson et al., 1987; 
Pang et al., 1988), little is known about the viral an tigens 
recognized by Th cells (Rothman et al., 1989) and the possible 
role of Th cell responses in recovery/resistance or pathogenesis 
of diseases. Studies with CD4+ T cells from dengue-immune 
donors indicated that these cells produce IFN-y and may 
contribute to the pathogenesis of dengue haemorrhagic fever and 
dengue shock syndrome (Kurane et al., 1989). 
Antigen recognition by Th cells 1s restricted by class II MHC 
gene products present on APC. The most extensively studied 
APC are DC, macrophages and B cells. These cells provide 
epitopes in the form of complexes between a self class II MHC 
molecule and a peptide derived from a foreign protein, which 1s 
recognized by specific Th cell receptors. Th cells, which 
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predominantly possess CD4+ (L3T4+) cell surface antigens (Swain , 
1983) respond during infection and provide help for anti viral 
antibody production through the production of IL-2, IL-4 and IL-
5 (Snapper and Paul, 1987a,b; Swain et al., 1988; Poo et al., 
1988). Recently, antigen-activated Th cells have also been shown 
to produce IL-6 which is involved in the differentiation of Tc 
cells (Okada et al., 1988). 
A great body of information about flavivirus pathogenesis 
has been derived from experiments with mice and other 
laboratory rodents using adapted strains of viruses. West Nile 
virus (WNV) is a mouse-infectious member of the antigenic 
complex of flaviviruses which include MVE, SLE and JE. This 
Chapter describes the investigation of various parameters of 
murine Th cell proliferative responses against WNV -encoded 
antigens using enriched populations of memory CD4 + T cells as 
responders in vitro and semi-defined Ia+ APC from splenocyte 
populations. This represents the first step towards answering 
fundamental questions such as, which viral gene products give 
rise to Th cell epitopes, the nature of Ir gene control of Th 
responses and the efficiency of various defined classes of APC. 
Materials and Methods 
Mice: 
Inbred CBA/H (H-2k) mice, bred at the John Curtin School of 
Medical Research (JCSMR) under specific pathogen-free 
conditions were used at 8 to 10 weeks of age. 
, 
i 
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Viruses: 
WNV, Sarafend strain was grown 1n 4 day-old suckling mouse 
brain (Kesson et al., 1988) and titrated by standard plaque assay 
(Taylor and Marshall, 1975). This stock virus was designated as 
WNV-B. 
Uninfected 5 day-old CBA/H brain suspension was prepared 
similarly and used in mock infection. 
WNV -B was passaged five times in Vero cells and a second virus 
stock (WNV-V) was prepared from the cell lysates of the fifth 
passage and titrated as described above. When necessary, 
WNV-V stock virus was UV-irradiated in 2 ml aliquots for 10 
min at 1.09 W/cm2. 
Influenza A/WSN stock was prepared by standard methods (Yap 
and Ada, 1977). 
Immunization of . mice: 
Mice were normally injected intravenously (i.v.) with 106 plaque 
forming units (pfu) of WNV-B, diluted in 200 µ l of gelatin saline 
(0.5% gelatin in borate-buffered CaMg saline, pH 7.2) at 40 C. In 
experiments designed to optimize the dose and route of priming, 
virus doses of 102 to 108 pfu were inoculated i. v ., 
intraperitoneally (i.p.) or s.c. in the flank. A dose of 103 HAU of 
influenza A/WSN diluted in 200 µl gelatin saline was used to 
prime mice i.v. as a specificity control. 
Vero cell-derived WNV antigen: 
( p~sso.~e. r,o. ~ S'"J 
Monolayers of low passage i. Vero cells in 80 cm2 flasks (N unclon, 
Denmark) were infected for 1 h at 370 C in a humidified 
atmosphere of 5% CO2 in air, with WNV-V at a multiplicity of 100 
pfu per cell using 2 ml of Eagle's minimal essential medium 
(EMEM, Gibco Laboratories , Grand Island, NY, USA) per flask. 
, 
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Uninfected control cultures were incubated with 2 ml of plain 
EMEM. After 1 h, unadsorbed virus was removed by 2 washings 
with EMEM and the monolayers were cultured at 370 C in EMEM 
supplemented with 2% foetal calf serum (FCS), 200 U/ml of 
Penicillin G, 200 µg/ml Streptomycin and 125 µg/ml Neomycin. 
At 3, 6, 9 and 12 h post-infection, monolayers were washed twice 
with EMEM, 5 ml of EMEM was added to each flask and the 
flasks were stored at -700 C. Freeze-thawed cell lysates were 
then sonicated for 15 seconds using a Branson B 12 sonifier 
(Branson Sonic Power Co., Conn, USA) at 50 W, followed by 
centrifugation at 7000 rpm at 40 C for 20 min. Two ml aliquots 
of supernatant were UV-irradiated for 10 min at 1.09 W /cn12. 
Control cell monolayers were processed similarly. 
EL-4 supernatant: 
An IL-2 secreting EL-4 cell line (clone 23) was a gift of Dr. C.J. 
Sanderson, Mill Hill, London. EL-4 supernatant was prepared as 
described by Farrer et al ( 1980). Briefly, cells were cultured at 
106/ml in RPMI 1640 (Gibco Laboratories, Grand Island, NY, USA) 
supplemented with 5 % FCS and 10 ng/ml of phorbol myristate 
acetate (Sigma, St. Louis, MO., USA) for 24 h. The 
culture supernatants were then harvested after centrifugation to 
( 0 . 7. 'l )Hri) 
deposit the cells, sterilized by filtration l and stored at -200 C. 
Monoclonal antibodies: 
Anti-Thy-1.2 ( clone F7D5) was obtained from Serotec (Kidlington, 
UK). Hybridoma lines secreting anti-Lyt-2 (3 lm), anti-L3T4+ 
(172) and anti-dendritic (33Dl) were gifts from Dr.R.Ceredig and 
Dr.J .Allan. These cells lines were grown in D MEM (Dulbecco' s 
Modified Minimum Essential ~1edium, Gibco Laboratories, Grand 
Island, NY, USA), supplemented \Vith 5o/o FCS. The optimum 
, 
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dilutions of anti-L3T4+ and anti-Lyt-2+ antibodies were 
determined as described by Ceredig et a l ( 1985). The optimal 
dilutions of anti-dendritic antibodies required was determined 
by trypan blue dye exclusion test performed on purified splenic 
dendritic cells (Pereira et al., 1986), treated with specific 
antibody and a 1/10 dilution of rabbit complement (Low Tox, 
Cedarlane, Canada). 
Spleen cells: 
Cell suspensions were prepared as described by Kesson et al 
( 1988) and used as responder populations or partly purified to 
obtain enriched populations of responders and APC. 
Enrichment of L3T4+ T cell responder populations: 
0 
oJ ~7 C· 
After initial adherence of splenocytes to a plastic surface for 2 hA J 
non-adherent cells were carefully removed without any agitation 
and treated with anti-Lyt-2 and anti-dendritic MAbs at 40 C for 
30 min. Subsequently, these cells were rosetted with SRBC 
coupled with sheep anti-mouse IgG to remove all Ig+ cells 
including Lyt-2+ cells, B cells, dendritic cells and any remaining 
macrophages ( via Fe receptor binding) (Parish and McKenzie, 
1978). Non-rosetting cells were then separated on Isopac-Ficoll 
gradients and washed three times with DMEM. The responder 
populations enriched by this method were tested by trypan blue 
dye exclusion after treatment with either anti-Lyt-2 or anti-L3T4 
antibodies and complement. Anti-Lyt-2-treated cells showed 
less than 3% dead cells. whereas treatment wi th anti-L3T4 
· t_-c,par, 'o\ue. d-,e. e_-,tc)u.$·,on -iest · 
antibodies showed 98 % dead cells~'') These populations hereafter 
will be referred to as CD4+ T cells. 
I 
6 1 
Enrichment of la+ APC: 
' 
qJ:~7 c... 
Overnight incubation of splenocytes ;Jn a plastic surf ace 
facilitated the separation of splenic macrophages (adherent) from 
dendritic cells (Steinman et al., 1979) and lymphocytes (non-
adherent). The non-adherent population 'Nas subsequently 
treated with anti-Thy-1.2 antibody and complement to kill T 
cells. The remaining viable cell populations separated on Isopac-
Ficoll gradients contained B cells and SDC, both known to be Ia+ 
APC (Chesnut et al., 1982; Inaba and Steinman, 1985). 
Proliferation assay: 
Responder splenocytes from WNV-primed mice, either whole 
populations or enriched for CD4 + T cells, were dispensed in 
triplicate in 100 µl DMEM supplemented with 5% FCS, antibiotics 
and 5x1Q-4 M 2-mercaptoethanol (2-ME), containing 2xl05 cells, 
into 96 well round-bottomed microtitre plates (Linbro, Flow 
Laboratories Inc., VA, USA). Three different types of stimulator 
populations: whole splenocytes from naive and primed mice, and 
enriched Ia+ APC from splenocytes of primed mice were used. 
These cells were either, 1) pulsed with 100 pfu/cell of WNV for 3 
h; washed twice with DMEM and y-irradiated (with 2000 rads 
from a 60Co source) and then cultured with responders; or 2) y-
irradiated first and then cultured with responders in the 
presence of UV-irradiated WNV stock or a lysate prepared from 
WNV-V-infected Vero cells (in 50 µl vol ). Stimulators and 
responders were co-cultured at a 1: 1 ratio in a total vol. of 200 µl 
unless otherwise stated. After 48 h of incubation 1n a humidified 
atmosphere of 5% CO2 in air at 370 C, 0.5 µCi/well (3H) thymidine 
(in 50 µl aliquot) was added and cultures were harvested after 
72 h onto filter paper using a Titertek (Flow Lab, UK) cell 
, 
l 
I 
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harvester and counted in a liquid scintillation counter (Beckman, 
LS3801, USA). 
Modified assay: 
This assay was performed as described by Chain et al ( 1987). 
Briefly, 2x 1 os responders and irradiated 2x 1 Q5 stimulators, each 
in 50 µl DMEM supplemented with 1 % normal mouse serum 
(NMS) were incubated with 50 µl of WNV antigen (WNV-V-
infected Vero cell lysate) for 72 h. After this, 75 µ l of DMEM 
supplemented with 5o/o FCS and 8% EL-4 supernatant was added. 
Thymidine incorporation and harvesting were performed at 96 
and 120 h respectively. 
Responses of enriched responder populations to 
mitogens: 
The presence of contaminating B cells in the responder 
populations was studied functionally by evaluating the responses 
to mitogens. Whole splenocytes or non-adherent populations 
prior to and after Lyt-2+ and sig+ cell depletion were assayed for 
their response to Con A and bacterial lipopolysaccharide (LPS). 
These cells were dispensed at 2x 1 Q5 cells per well in 100 µl 
aliquots in 96 well round-bottomed microtitre plates in DMEM 
supplemented with 5% FCS. Con A and LPS were added 
independently at a final concentration of 5 µg and 100 µg/ml 
respectively, in 20 µl aliquots. Thymidine was added after 48 h 
and the cultures were harvested at 72 h as described above. 
The responses to Con A were 5-fold lower in the enriched 
responder population than the whole spleen, indicating depletion 
of macrophages which are needed for optimal T cell responses 
with Con A (Mills et al., 1976). The responses to LPS were 70-
fold lower, indicating depletion of B cells . These observations 
I 
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indicated that the responder popula tions were markedly 
depleted of contaminating cells which could act as APC. 
Phenotype of stimulator populations: 
APC populations used in the experiments described 1n Tables 2.3 
and 2.4 and Figs. 2.2 and 2.3, were examined by flo,v 
cytofluorometry for the expression of slg and Thy-1.2 surface 
markers, prior to and after the enrichment procedures. For Thy-
1.2 staining, 106 viable cells were treated with 100 µl of biotin-
conjugated anti-mouse Thy-1.2 antibodies (Becton Dickinson, 
USA) at a 1/100 dilution for 30 min at 40 C. Cells were then 
centrifuged in 12x75 mm polystyrene round-bo ttomed tube 
through a bed of 0.5 ml heat-inactivated bovine serum (BS) at 
250g for 5 min, followed by staining with 100 µl of streptavidine 
R phycoerythrine conjugate (QB AR 4, Serotec, USA, 1/50 
dilution) for 30 min at 40 C. Then the cells were washed again 
through a bed of BS. After one additional washing the cells were 
examined by quantitative cytofluorometry on a FACS I\l model 
analyzer (Becton Dickinson, USA), 10,000 gated events were 
collected. Control cells were stained only with 100 µl of · 
streptavidine R phycoerythrine conjugate. Staining for slg 
expressing cells was done by using fluorescein-conjugated goat 
anti-mouse IgG antibodies (Silenius , Australia) at a 1/20 
dilution). Non-specific binding of fluorescein conjugate was 
minimized by prior treatment of the cells wi th normal goat IgG 
(Silenius, Australia) at a 1/20 dilution. Control cells obtained 
from normal splenocytes depleted of Jg+ cells (Parish and 
McKenzie , 1978), were stained similarl y . 
' 
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Statistical analysis: 
Data are expressed as mean 3H-TdR uptake (counts per minute) 
of at least triplicate cultures + standard error of the mean (S.E.M), 
where appropriate, using Student's 't' test. 
Results 
Initial experiments were designed to determine the optimal 
conditions necessary for priming mice and in vitro restimulation 
of proliferation o t their splenic T cells. Whole splenocyte 
populations from 14 day-WNV-primed mice were used as 
responder cell populations and WNV-B-pulsed splenocytes from 
naive mice were used as stimulators. T cell responses were 
measured in a 3 day proliferation assay. In these experiments it 
was observed that priming i. v. with 106 pfu, followed by in vitro 
restimulation with the stimulators pulsed with 100 pfu of WNV-B 
gave optimal responses. 
Route of priming and kinetics of generation of primed T 
cells in mice: 
Preliminary studies showed that proliferative T cell activity could 
not be detected in the first six days after priming. Doses of 106 
pfu of WNV-B were inoculated i. v ., i.p., and s.c. in the flank 
region; and splenocytes from such primed mice 7 to 21 days 
post-infection were tested for proliferation in 72 h cultures. 
Proliferative responses were detected on day 7, reached a peak 
on days 12 to 15 and declined thereafter by day 21. Similar 
kinetics of T cell activity were observed following inoculation by 
all routes tested, however mice primed i. v. consistently showed 
higher responses. 
I 
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Kinetics of in vitro restimulation o f WNV -p rimed 
splenocytes: 
The optimum culture time for the generation of T cell 
proliferative responses was studied usin g splenocytes from 14-
day primed mice. The proliferative responses were measured at 
12, 24, 48, 60, 72 and 96 h after the establishment of cultures. 
Responses were maximal at 72 h and declined slightly at 96 h 
(Fig. 2.1 ). 
Antigenic requirements for in vitro res t imu lati o n: ·t O --.estirnl.JG-\r·H-lh a€jq"{ol to "'(DU.Xe L.dDSe ~ p,·,ml rt} t, ·,,-, '-1/ "( - -uor:, 01 
The optimal conditions/ established thus far were used to evaluate !;1='1tJ 
various antigen preparations for rest1mulation of primed T cells. 
Responder splen~s~ytes from mice primed i.v. 10, 15 and 21 days 
previously with 1 Q6 pfu WNV-B were cultured at a 1: 1 ratio with 
splenocytes from naive mice pulsed with infectious, or an 
equivalent concentration of UV -irradiated preparati ons, of WNV -
B or WNV-V. 
Infectious WNV-B elicited proliferative responses from the 
splenocytes of all primed mice, but \,\TNV-V ·, ·na.x cc:J ·uppression 
of all responses (Table 2.1). UV-irradiated W~{V-B or WNV-V 
stocks stimulated con1parable responses from all primed mice 
(Table 2.2). These results raised the possibili ty that infectious 
WNV may infect and kill T cells unless the latter are protected by 
mouse interferon present in the virus stock (as in WNV-B, not 
WNV-V). Therefore, the efficacy of antigen preparations 
containing virus-specified proteins but wi th a minimum of 
infectious WNV was investigated. 
1 
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Restimulation of primed splenocytes with lysates of 
WNV-V-infected Vero cells: 
Lysates prepared from WNV-V-infected Vero cells at 3, 6, 9 and 
12 h post-infection were used to pulse APC at various 
concentrations. In order to minimize the background 
proliferation due to non-CD4 + cells, responder splenocytes from 
14 day WNV-B-primed mice were enriched for CD4+ T cells as 
l?-p· (.o) • 
described in Materials and Methods Since antigen-specific B 
cells have been shown to present antigen efficiently 
(Lanzavecchia, 1985), APC from the splenocytes of mice primed 
with WNV 14 days previously were used and enriched for B and 
dendritic cells as described in Materials and Methods ( Pp· {J). 
Vero cell lysates showed increasing antigenicity with 
increasing time after infection; thus only 9 or 12 h lysates gave 
significant stimulation, with the latter being better (Fig. 2.2). 
Also, undiluted lysates suppressed T cell proliferation, whereas 
1/4 or 1/8 dilutions were stimulatory. Further experiments used 
1/4 diluted 12 h lysate. The assay used in this experiment was a 
Pp·£ 2. 
5 day modified protocol (see Materials and Method~ which is 
evaluated in a later section. 
Virus specificity of T cell proliferation: 
The specificity of T cell responses against WNV-infected 12 h 
Vero cell lysate was tested by comparing the proliferative 
responses of CD4+ T cells from 14 day WNV-primed, influenza-
primed or naive mice using APC from 14 day WNV-primed mice. 
As shown in Table 2.3 , responses obtained from WNV -primed 
responders were more than 10-fold higher than those from 
influenza-primed or naive re sponders . The influenza-primed 
I 
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CD4+ control T cells proliferated strongly 1n the presence of 
influenza antigen (Table 2.3 ). 
Analysis of stimulator to responder ratios: 
Using CD4 + enriched WNV -primed responder populations, APC 
from WNV-primed mice and 12 h lysates from WNV-infected 
Vero cells ( 1 /4 dilution), various ratios of stimulators to 
responders (0.1 to 10) were used to test effects on T cell 
proliferation. Optimal responses were obtained at a stimulator to 
responder ratio of 1 (Fig. 2.3). High numbers of stimulator cells 
suppressed T cell proliferation. 
Modification of the T cell proliferation assay: 
Changes in the medium composition and time of cultures were 
made to investigate effects on specific responses and 
backgrounds. In 3 day cultures a higher degree of antigen-
specificity was observed with 1 % NMS than with 5% FCS (Table 
2.4 ). In order to amplify antigen-specific proliferation , the assay 
was further modified by adding an exogenous source of IL-2 (in 
the form of EL-4 supernatant) on the third day of a 5 day culture. 
This modification (using 1 % NMS) significantly increased ·antigen-
specific proliferation while not significantly increasing the 
background. 
Phenotype of APC populations: 
The distribution of fluorescence intensity of the APC populations 
prior to and after the enrichment procedures are shown in Fig. 
2.4 A, B and Fig. 2.4.C, D respectively. The percentage of Ig+ cells 
was increased by 20% after the enrichment (Fig. 2.4 A and C), 
whereas Thy-1.2+ cells were almost absent in the enriched 
population (Fig. 2.4 B and D). In light of the protocol used (see 
"p-6/ 
Materials and Methodi, it is possible that these populations also 
: 
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contained a proportion of SDC, which are normally present in 
very small numbers (1 % or less of the total cell population). 
Discussion 
This Chapter describes investigations of fundamental 
variables relevant to Th cell responses against WNV-encoded 
antigens. Preliminary experiments investigated doses of WNV 
required to prime Th cells for secondary proliferative responses 
in vitro using splenocytes from primed animals as responder cells 
and unprimed splenocytes as a source of antigen presenting cells. 
These experiments revealed that low doses of 1 Q2 or 1 Q4 pfu of 
WNV i. v. were inadequate but doses of 1 Q6 were satisfactory, 
whereas higher doses up to 1 Q7 or 1 Q8 pfu killed mice. The i. v. 
route of priming was found to be superior to i.p. or s.c. routes. At 
least 7 days were needed after i. v. priming before memory T cell 
populations capable of good proliferative responses in vitro were 
present in the spleen. Thereafter, memory was maintained until 
at least 21 days and presumably persisted longer. 
Various kinds of an ti gen preparations were tested for 
efficacy in pulsing normal splenocytes as a source of antigen 
presenting cells. For this preliminary work, responder Th cells 
were obtained from 14 day-primed splenocyte populations 
following i.v. priming \Vith 106 pfu of WNV. Thymidine 
incorporation was assessed after 3 days of culture in medium 
containing 5% FCS. Under these experimental conditions, 
background proliferation was often present but antigen-specific 
proliferation was sufficiently higher so that different antigen 
sources could be compared. In this preliminary system, WNV 
I 
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stocks grown in mouse brain were a satisfactory source of 
antigen, either in infectious form or after UV irradiation to 
inactivate virus. In contrast, WNV stocks grown 1n Vero cells 
were satisfactory only if they were UV-irradiated. This 
suggested that infectious WNV had an adverse 
effect on Th cell proliferation and that in the case of mouse brain 
stocks, interferon in the crude stock protected the Th cells. 
In order to avoid the problem of infectious virus 
preventing Th cell proliferation, lysates of WNV -infected Vero 
cells prepared at short intervals after infection , before production 
of progeny virions) were tested. Lysates were prepared at 3, 6, 9 
and 12 h after infection. 12 h Vero cell lysates were superior to 
lysates harvested at earlier time intervals, presumably because 
insufficient viral protein had been synthesized at the earlier 
times. Using 12 h lysates and enriched CD4+ responder T cells 
from 14-day primed spleen it was shown that a mixture of B cells 
and SDC operated as APC in this system . 
. 
In order to reduce the background proliferation 
characteristic of proliferative responses in media containing FCS, 
a modified assay was developed, in which an initial exposure of 
primed Th cells to APC pulsed with 12 hour Vero cell lysates was 
conducted for 3 days in medium containing 1 o/o NMS, followed by 
a further 2 day culture period in medium containing EL-4 
supernatant as an exogenous source of IL-2 as well as a variety 
of other T cell growth-promoting factors. This bi-phasic system 
reduced background proliferation but allowed very strong 
antigen-specific proliferation. 
These results will allow future investigation in much more 
detail of essential pararneters regulating Th cell responses during 
70 
flavivirus infection. These parameters include the efficacy of 
various different APC such as B cells, macrophages and SDC, Ir 
gene effects of different MHC class II genes and the nature of the 
flavivirus gene products which best stimulate Th cell responses. 
Information from such studies will aid better understanding of 
the pathogenesis of flavivirus infection and a more rational basis 
for protective vaccines. 
Summary 
WNV -specific mur1ne T cell prolif era ti on in vitro was 
investigated in terms of parameters which optimise antigen-
specific responses and reduce background proliferation. The 
responder populations comprised splenocytes from WNV -primed 
mice, enriched for CD4+ T cells. Ia+ APC were derived from 
splenocytes of WNV primed or naive mice. Antigen was a lysate 
prepared from WNV-infected Vero cells at 12 h post-infection. 
Strong virus-specific proliferative responses were observ~d when 
antigen-pulsed APC were co-cultured with responders at a 1: 1 
ratio. Substantial non-specific proliferation occurred when FCS-
supplemented culture medium (5% serum) was used, whereas 
with 1 % NMS, a higher degree of antigen-specificity was evident, 
although the magnitude of responses was lower. The best 
separation between antigen-specific and background 
proliferation was obtained by using an exogenous source of T cell 
growth factors to amplify for 2 days the proliferation of CD4 + T 
cells triggered by an initial 3 days of culture with antigen-pulsed 
APC. This investigation has defined optimal conditions for 
Ir 
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investigating the stimulation of WNV-primed CD4+ T cell 
proliferation in response to the presentation of viral gene 
products by Ia+ APC. This assay should permit detailed analysis 
of the efficiency of various APC populations and identification of 
viral antigens that stimulate the proliferation of class II MHC-
restricted T cells. 
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Fig. 2.1. Kinetics of in vitro restimulation of WNV -primed 
splenocytes. Splenocytes from 14-day primed mice were cultured 
at a 1: 1 ratio with irradiated stimulators, treated either with WNV-
B at 100 pfu/cell ( ) or with control mouse brain antigen ( D ). 
3H-TdR was added to the cultures 12 h before termination. Results 
represent the mean 3H-TdR uptake by triplicate cultures + S.E .M. 
14000 
12000 
-:E 
a. 10000 (.) 
-
> 
I- 8000 -> 
-I-
(.) 
< 
0 6000 
C 
< 
a: 
4000 
2000 -+---..--..-.......--..--..--..-.......-.......--..--..--..-.......-.......--..--¥--.......-----
2 4 6 8 1 0 1 2 1 4 
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Fig. 2.2. Stimulation of WNV-primed splenocytes with lysates of 
Vero cells obtained at 3, 6, 9 and 12 h post-infection with WNV-V. 
2x 1 Q5 enriched responder T cells from WNV -primed mice were 
stimulated with enriched B cells and dendritic cells at a 1: 1 ratio, in 
the presence of UV -irradiated lysates of WNV -infected or 
uninfected control Vero cells at different dilutions for 5 days in a 
modified proliferation assay (see Materials and Methods). WNV-
infected lysate ( closed points) and control lysate ( open points) were 
used either undiluted, (squares), 1/4 diluted , (circles) or 1/8 
diluted, (triangles). Results represent the mean 3H-TdR uptake by 
triplicate cultures + S .E.M. 
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STIMULATOR TO RESPONDER RATIOS 
Fig. 2.3. Effect of stimulator to responder ratios on WNV-specific T 
cell proliferation. 2xl05 enriched CD4+ T responders derived from 
mice primed i.v. with 106 pfu of WNV 14 days previously were co-
cultured at different ratios with irradiated splenic APC enriched for 
B cells and dendritic cells. The APC were pulsed with WNV-
infected Vero cell lysate stock (at a 1/4 dil.) ( • ) or control Vero 
lysate ( D ). Proliferation was assessed using the modified 
proliferation assay. Results represent the mean 3H-TdR uptake by 
triplicate cultures + S.E.M. from 
Fig. 2.4. 
Phenotype of APC populations. Each figure shows the distribution of fluorescence intensity in a sample 
of 10,000 cells. Cells were stained for Thy-1.2 and slg markers orior to l A, B) and after {C, D) the (er, 'Y ·,chm e..,rit P""< 0 'c.ed L-i Yen J 
depletion of macrophages and Thy-1.2+ cell( Staining for slg {A, C) was performed by using fluorescein-
conjugated goat anti-mouse IgG antibodies. Dotted lines represent staining with control cells (see 
Materials and Methods). For Thy-1.2 staining, viable cells treated with biotinylated anti-mouse Thy-1.2 
antibodies were stained with streptavidine R phycoerythrin conjugate. Dotted lines represent staining 
with streptavidine R phycoerythrine conjugate only. Prior to the enrichment procedures slg+ and Thy-
1.2+ cells constituted 65% (A) and 60% (B) respectively, of the total population. After the enrichment 
procedures, slg+ cells comprised 85% (C) and Thy-1.2+ cells were almost absent (D). 
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Table 2.1 
Days 
post 
. pr1m1ng 
10 
14 
21 
In-vitro restimulation of WNV-immune splenocytesa 
with infectious preparations of WNV. 
WNV-B WNV-V 
St+ WNV-Bl St+ SMB2 St+ WNV-V3 St + l\tfo4 
8673 + 2895 3390+ 136 1990+97 4467+285 
11,463+ 367 3541 + 155 2518+ 143 4575 + 269 
9841 +312 4365 + 160 1942+90 4916+499 
a Splenocytes from primed mice were collected at different days 
post-priming with 106 pfu of WN\l-B i.v., were restimulated for 72 
hours in vitro with irradiated naive splenic stimulators (at a 1: 1 
ratio) pulsed with WNV -B or WNV -V ( 100 pfu/cell). 
1 Stimulators pulsed with WNV-B. 
2 Stimulators pulsed with an equivalent concentration of 
normal suckling mouse brain suspension. 
3 Stimulators pulsed with WNV-V. 
4 Stimulators pulsed with an equivalent concentration of mock 
Vero cell antigen. 
5 Results represent the mean 3 H-TdR uptake by at least 
triplicate cultures + standard error of the mean (S.E.M). 
·-
Table 2.2: In -vitro restimulation of WNV-immune splenocytes I with UV-irradiated 
preparations of WNV. 
WNV-B WNV-V Days 
post-priming St.+WNV-B 2 St.+SMB 3 St.+WNV-V 4 St.+Mo.Ag 5 
10 
1 4 
21 
12,226 + 255 6 
16,311 + 365 
12,715 + 272 
5059 + 15 9 
3849 + 103 
4677 + 167 
14,082 + 3 83 
17,387 + 120 
13,650 + 242 
6928 + 3 64 
7119 + 399 
7015 + 1075 
1 Splenocytes from primed mice collected at different days post-priming with I 06 pfu of 
WNV -B i. v ., were restiinulated for 72 hours in vitro with irradiated naive splenic stin1ulators (at a 
1: 1 ratio) in the presence of UV-irradiated preparations of WNV-B or WNV-V ( equivalent to 100 
pfu prior to irradiation). 
2 Stimulators pul sed with UV -irradia ted preparations WNV-B. 
3 Stimu1 ators pulsed wi th UV-irradiated preparations of normal suckling mouse brain 
suspension at an equivalent dilution . 
4 Stin1ulators pulsed with UV-irradiated WNV-V. 
5 Stimulators pulsed with UV-irradiated mock Vero cell antigen at an equivalent dilution. 
6 As for Table 2.1 
The data are representative of one of the two experiments performed. 
Table 2.3: Virus specificity of T cell proliferation. 
Responders 1 
WNV-primed 
Infl uenza-primed2 
Naive 
APC + Ag 
17,513 + 10383 
1633 + 74 
1241 + 76 
APC + Mo.Ag 
531 + 27 
473 + 3 1 
436 + 7 5 
1 2x 1 os enriched CD4 + T cells, either from naive mice or 
those primed with WNV or influenza (A/WSN) 14 days 
previously, were restimulated with irradiated APC from 14 
day WNV -primed mice at a 1: 1 ratio, in the presence of 12 
h Vero cell-derived, UV-irradiated WNV antigen (APC + 
Ag, at a 1/4 dilution) or mock control (APC + Mo.Ag) 
2 The responses of influenza-primed CD4+ T cells in presence 
of APC and A/WSN (10 HAU/well, in 50 µl aliquot) or 
control (allantoic fluid at an equivalent dilution) antigens 
were: 84,767 + 942 and 1491 + 149 cpm + S.E.M. 
respectively. 
3 As for Table 2.1 
The data are representative of one of the two experiments 
performed. 
Table 2.4 
I 2x 105 CD4+ T cells from mice primed i.v. 14 days previously vvith 106 pfu of Vv'NV were co-cultured 
with irradiated APC from the san1e mice at a 1 :1 ratio, in the presence of 12 h Vero cell-derived, UV-
irradiated WNV antigen (APC + Ag, at a 1/4 dilution) or mock control (APC + Mo.Ag). 
2 Conventional assay: 3 days, either in 5% FCS or 1 % NMS. 
3 Modified assay: 3 days either in 5% FCS or 1 % NMS, then 2 days in 8% EL-4 supernatant. 
4 As for Table 2.1. 
5 Figures in parenthesis indicate stimulation indices (SI), i.e., ratios of 3 H-TdR incorporation with APC + 
Ag to APC + Mo.Ag. SI were calculated from rando1nly selected pairs of APC + Ag and APC + Mo.Ag values 
within each group of observations. The mean SI + S.E.M. frorn different groups were compared by 
Student's 't' test. SI with NMS differed significantly from those with FCS (P< 0.0005) 
\ 
Table 2.4: Comparison of conventional and modified proliferation assays. I 
Serum Conventional assay 2 Modified assay 3 
supplement 
of culture APC + Ag APC + Mo.Ag APC + Ag APC + Mo.Ag 
medium 
Experiment 1 
FCS-5% 5956 + 431 4 1853 + 9 8 7022 + 543 2251 + 89 
(3.27 + 0.36) 5 (3 .12 + 0. 1 3) 
NMS-1% 8991 ± 7 64 795 + 5 3 15,179 + 1792 848 + 4 0 
(11.3 + 0.6) (17.8 + 1.6) 
Experiment II 
FCS-5% 7422 + 88 4025 + 196 21,219 + 9 2 7 10,574 + 1043 
(1.85 +0.11) (2.03 +0.12) 
NMS-1% 
2665 + 245 540 + 2 6 11,649 + 683 865 + 5 0 
(5.2 + 0.23) (12.9 + 1.3) 
CHAPTER 3 
FUNCTIONAL ANALYSIS OF MACROPHAGES, B CELLS AND 
SPLENIC DENDRITIC CELLS AS ANTIGEN-PRESENTING 
CELLS IN WEST NILE VIRUS-SPECIFIC MURINE T 
LYMPHOCYTE PROLIFERATION 
Introduction 
The ligand recognized by the T cell receptor of mature peripheral 
T cells is formed by the complexing of a peptide from a foreign 
protein together with a molecule of the MHC. Peptides associated 
with MHC class I molecules, present on the surface of most 
somatic cells, are generally recognized by the CD8+ subset of T 
cells, whereas the CD4+ subset recognizes peptides complexed 
with MHC class II molecules. In normal in vivo situations, class 
II MHC is expressed mainly on specialized lympho-reticular cells 
which function as APC for CD4 + T cells. 
The macrophage was the first APC to be identified (Ziegler 
and Unanue, 1981 ). In the past few years, a wide variety of 
other cell types have also been shown to function as APC. These 
include, B lymphocytes (Chesnut et al., 1982), DC (Sunshine et al . , 
1983; Inaba et al., 1983 ), Kupffer cells (Rag off and Lipsky, 1979), 
epidermal Langerhans cells (Sting! et al., 1978), oligodendrocytes 
(Ting et al., 1981 ), vascular endothelial cells (Hirschberg et al., 
1982), activated T cells (Brown et al., 1984) and L cell fibroblasts 
transfected with MHC class II genes (Germain and Malissen, 
1986). Thus a wide variety of diverse cell types which 
constitutively express, or can be induced to express, MHC class II 
molecules on their surface can potentially function as an APC. 
The most extensively studied APC are macrophages, B cells 
and DC. These cells are likely to be the most important APC l n 
vivo because they are located in secondary lymphoid us sues 
where T lymphocyte activation takes place. However these cells 
differ from each other in their relati ve q uan ti ty of expression of 
class II 11HC antigens , in binding, uptake and processing of any 
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given antigen and in their secretion of co-stimulatory factors 
(reviewed by Harding et al., 1989). These differences could 
influence the relative efficacy of these cell s in the activation of 
subsets of CD4+ T cells. 
In Chapter 2, in vivo and in vitro conditions were described 
which were necessary for WNV-specific CD4 + T cell proliferation 
1n response to the presentation of WNV antigens by splenocytes 
from WNV-primed (14 day) mice depleted of macrophages and 
Thy 1.2+ cells. In this Chapter, the intrinsic antigen-processing 
and presenting ability of macrophages, B cells and SDC 1s 
examined by comparing their ability to stimulate the 
proliferative responses of WNV-immune CD4 + T cells. 
Materials and Methods 
Mice: 
Seven to 14 week-old female CBA/H (H-2k), C57BL/6 (H-2h), 
B 10.T(6R) (KG IG Dd) and B 10.AQR (KG Jk Dd ) mice were used. 
Mice were bred under specific pathogen free conditions at the 
JCS:rvIR. 
Virus: 
As for Chapter 2" 
Immunization of mice: 
As for Chapter 2, except that in order to obtain higher 
frequencies of antigen-specific B cells , mice were immunized with 
four i.v. injections of 106 pfu of WNV at weekly intervals and B 
cell preparations were obtained one week after the final 
injection. 
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Vero cell-derived WNV antigen: 
As for Chapter 2. This WNV antigen preparation was used at a 
1/4 dilution in all the experiments unless otherwise stated. 
Antibodies: 
As for Chapter 2. Monoclonal anti-I-Ab,d,q (Ms/114.15, IgG2b) 
and anti-I-Ak (11.52.1, IgG2b) antibodies were used as L\r,d\\utecl 
culture supernatant. Anti-Mac 1 (M 1/70) antibodies were used 
as neat culture supernatant. WNV-immune ascitic fluid was a 
gift from Dr.I.D .Marshall. IgG fractionation of this ascitic fluid 
was performed by using Staphylococcal protein A covalently 
linked to sepharose CL-4B (Protein A-Sepharose, Pharmacia, 
Sweeden), as described by Ey et al (1978). Protein A sepharose-
purified IgG against influenza A/WSN was a gift from Dr.G.Ada. 
Induction of peritoneal exudate macrophages: 
Peritoneal exudate cells (PEC) were harvested (Beller et al., 1980) 
3 days after i.p. injection of mice with either 104 live Listeria 
monocytogenes (Beller et al., 1980) in 1 ml of Hank's Balanced 
Salt Solution supplemented with 1 % FCS , or 3 ml of 10% 
thioglycollate broth (Difeo, Detroit., Mich.) and were cultured in 
DMEM supplemented with 1 % NMS, 2-:ME and antibiotics. 
Cultures were incubated at 370 C in a humidified atmosphere of 
5o/o CO2 in air for 2 h, after which non-adherent cells were 
removed by thorough washing with DMEM. Adherent 
populations thus obtained have been shown to comprise 98-100% 
macrophages (Beller et al., 1980). 
In experiments designed to eliminate the possibility that DC 
were a minor contaminating population in Listeria-induced (LM) 
PEC and were responsible for a proportion of APC function of PEC, 
LM-PEC were plated directly in 96-well round-bottomed tis sue 
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culture plates. The level of Ia expression on macrophages during 
overnight culture was maintained by heat-killed Listeria (hkLM, 
106 bacteria in 200 µl of DME:N1 supplemented with 1 % NMS) as 
described by Beller and Unanue (1981 ). After 14 h, PEC 
populations were vigorously washed three times with DMEM to 
remove non-adherent cells (which at thi s time would include DC) 
and hkLM before co-culturing rema1n1ng LM macrophages with 
responder CD4 + T cells. 
Preparation of B cells: 
After initial culture of spleen cells on a plastic surf ace for 2 h in 
DMEM supplemented \Vith 1 o/o NMS to remove adherent cells such 
as macrophages and most DC, non-adherent cells were harvested 
and depleted of T cells and DC using optimal dilutions of anti-
Thy-1.2 and 33D 1 antibodies with rabbit serum as a source of 
complement. The resulting suspension contained 85% slg+ 
bearing cells as determined by FACS analysis (data not shown). 
Con A stimulation (5 µg/ml) of splenocytes prior to and after B 
cell enrichment indicated that > 98 % of the proliferative response 
had been eliminated by the enrichment procedures ( data not 
shown) indicating virtually complete depletion of T cells. 
Mitogen-activated B cells: 
B cells obtained from spleens of naive mice were seeded into 
80 cm2 tissue culture flasks at a density of 2x 106 /ml in DMEM 
supplemented with 1 % NMS. LPS and dextran sulphate (Sigma, 
St. Louis, MO, USA ) were added at final concentrations of 50 and 
20 µg/ml respectively. Cultures harvested on day 3, with about 
40% of cells viable, mostly consisted of blast cells. 
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Generation of primary anti-I-Ak T cells: 
A bulk culture of primary anti-J-Ak T cells was obtained by 
in vitro stimulation of B 10.T(6R) (Kq Jq Dd) splenocytes 
( 4x 106 /ml) with B 1 O.AQR (Kq Jk Dd ) splenocytes irradiated with 
2000 rads from a 60Co source, at a 1: 1 ratio. These cells were 
cultured for 7 days in 100 ml of DMEM supplemented with 5% 
FCS in 80 cm2 tissue culture flasks in a humidified atmosphere of 
5% CO2 in air at 370 C. After 7 days, the viable cells, separated on 
Isopac-Ficoll, were used as responders to evaluate the expression 
of MHC class II (I-Ak) antigens on macrophages. 
Splenic dendritic cells: 
Splenic DC were obtained from naive mice as described by 
Pereira et al (1986). Briefly, splenocytes in EMEM and 2-ME 
were seeded at 3xl06/ml in 185 cm2 tissue culture flasks 
(Nunclon, Denmark) at 50 ml per flask. Cells were allowed to 
adhere for 2 h at 370 C in an atmosphere of 5% CO2 in air, after 
which non-adherent cells were removed by thorough washing 
with EMEM. Adherent cells containing DC were then incubated 1n 
EMEM supplemented with 5o/o FCS, 2-ME and 25 mM Hepes. After 
16 h incubation at 3 70 C, non-adherent or loosely adherent cells 
containing DC were harvested by gentle pipetting. These cells 
were then treated with anti-Thy I .2 and complement to remove 
contaminating T cells and rosetted with SRBC coupled by CrCl3 
with sheep anti-mouse IgG (Parish and McKenzie, 1978) to 
remove lg+ and FcR + cells. Dead cells and rosetted cells were 
removed by cet?t1·, fu.sat:i ~ on Isopac-Ficoll giving a viable cell 
population rich in DC. The yields of DC were 0.5% of the initial 
cell numbers. 
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Proliferation assay: 
Proliferative T cell responses to WNV antigens were tested in the 
modified assay described in Chapter 2 using 12 h WNV-V-
infected Vero cell lysates as the an ti gen source. In T cell 
proliferation assays, macrophage cultures used as APC were 
supplemented with 2x 1 Q-5 M of indomethacin (7 µg/ml of 
culture; Mizel, 1981) (Sigma, St. Louis, MO, USA) to eliminate the 
possible inhibitory effects of prostaglandins (PG) released by 
these cells (Humes et al., 1977). Since the dry powder of 
indomethacin is sparingly soluble in the culture media or ethanol, 
the following method (Mizel, 1981) was found to be the most 
suitable for obtaining a clear solution. Ten milligrams of 
indomethacin was dissolved in 1.4 ml of 0.1 % Na2C03, followed by 
the addition of 12.6 ml of phosphate buffered saline (pH 7 .2). 
The resultant solution was then used at a 1/100 dilution in the 
final cultures containing macrophages and T cells. B cells and DC 
were irradiated with 1000 and 2000 rads respectively, for use as 
APC. 
Statistical analysis: 
As for Chapter 2. 
Results 
Ability of macrophages to stimulate the proliferation of 
WNV-specific CD4+ T cells: 
Table 3.1 shows a comparison of the antigen-presenting function 
of LM macrophages and thioglycollate-induced (TH) macrophages 
from CBA/H mice to WNV-immune CBA/H (H-2k) CD4+ T cells in 
two representative experiments. In order to obtain optimal 
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responses, varying ratios of stimulator macrophage populations 
to responder T cells were used. LM macrophages, when pulsed 
with Vero cell-derived WNV antigen, consistently induced much 
higher proliferative responses than TH macrophages. The 
-th~ 
magnitude of ;_response was dependent upon the number of LM 
macrophages used, the highest respon ses being obtained with S :R 
ratios of 2. 
BIO.T(6R) anti-BIO.AQR T cells (anti-Iak) were used to 
determine whether class II MHC expression was induced on LM 
macrophages and recognized by alloreactive T cells. Strong Iak-
specific proliferation was stimulated by LM macrophages with 
Iak genes (CBA/H and BlO.AQR) but not by B10.T(6R) (Iq) 
macrophages (Joto.. not shotrJh) · 
To determine whether the WNV -specific APC function of 
CBA/H (H-2k) macrophages was dependent upon the expression 
of class II MHC antigens, the effect of anti-Iak antibodies on 
WNV-immune, CD4+ T cell proliferation was tested. The data 
presented in Table 3.2 shows that the presence of anti-Iak 
antibodies inhibited the APC function of macrophages whereas 
anti-Iab,d,q antibodies had no effect. 
Characterization of Ia positive adherent cell populations: 
The possibility that DC as a minor contaminating population in 
LM macrophages were responsible for the APC function of LM 
macrophages was tested. Adherent, LM-PEC depleted of DC 
overnight in vitro were prepared as described in Materials and 
Methods. The ability of these cells to present WNV antigens was 
y,J i -t h 
compared ,L_that of freshly isolated LM macrophages. As shown 
in Table 3 .3~ proliferative responses induced by DC-free LM 
macrophages cultured overnight, although lower, did not differ 
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significantly from freshly isolated macrophages, thus indicating 
that contaminating DC were not the major APC in fresh LM 
macrophage populations. 
Adherent LM-PEC populations , after treatment with 33D 1 
antibodies plus complement, did not show significantly lowt,. APC 
activity (Table 3.4). In contrast, depletion of mac-I+ cells led to a 
substantial loss of APC function, indicating that the majority of T 
cell responses were induced by macrophages acting as APC. 
Ability of B cells to induce WNV -specific proliferative T 
cell responses: 
Preliminary studies indicated that B cells from mice primed with 
WNV 14 days earlier induced higher responses than those 
primed 7, 21 and 28 days earlier. Therefore, B cells obtained 
from such mice (B 14) were compared with B cells from naive mice 
(Bo) and mitogen-activated B cells for function as APC (Table 3 .5). 
Bo cells were similar to B 14 at a S :R ratios of 1 and 0.5, but 
at 0.25 their APC ability declined significantly, whereas that of 
B 14 cells did not. Mitogen-activated B cells failed to function 
efficiently as APC in this system. 
To test the possibility that the superior APC function of B 14 
cells at low S:R ratios was due to the presence of WNV-specific B 
~ " e.. ~°'cle-
cells, ~ attempte& ;!o obtain higher frequencies of such B cells 
by immunizing four times with WNV (B++++ ). Figure 3.1 shows 
the APC ability of B++++ cells, B 14 and Bo over a range of 
concentrations of WNV antigen. B++++ cells induced greater 
responses than B 14 and Bo at all antigen concentrations tested, 
except the 1/4 dilution, the optimal response being obtained at 
1/8 dilution of antigen. At the highest antigen concentration 
(dilution 1/4) , 
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B ++++ cells showed suppres sion of T cell proliferation. Responses 
induced by B 14 and Bo, in contrast, were an tigen dose dependent 
with no suppression evident at hi gh antigen concentrations, and a 
general decline in T cell responses as antigen concentration 
diminished. B 14 cells were marginally better than Bo cells. 
Effect of antibodies to WNV on antigen-presenting 
function of LM macrophages and B++++ cells: 
When LM macrophages were used as APC, addition of anti-WNV 
IgG antibodies resulted in a significant increase in the efficiency 
of presentation compared to control cultures supplemented with 
anti-influenza IgG or without antibodies (Table 3.6). In contrast, 
the addition of WNV antibodies to cultures of B++++ cells 
significantly reduced their ability to present antigen (Table 3.7). 
Splenic DC as APC : 
WNV-specific T cell proliferative responses followin g 
presentation of WNV antigen by SDC were evaluated using cells 
from C57BL/6 (H-2b) and CBA/H (H-2k) mice (Table 3.8). 
Responses of C57BL/6 T cells were highest wi th the highest 
numbers of SDC (S:R=l) plus WNV antigen and decreased as SDC 
numbers were reduced. Background proliferation was 
consistently low, regardless of SDC number. SDC from CBA/H 
mice induced a substantial level of background T cell 
proliferation at the two highest SDC levels (S:R= l or 0.5) and the 
best WNV-antigen induced proliferation occurred at a S:R ratio of 
0.5. 
Comparative ability of macrophages, B cell s and SDC to 
present WNV antigens to WNV -specific CD4+ T cells: 
L1v1 macrophages , B cells from naive or 14 day WNV-primed 
C57BL/6 mice and SDC were each co-cultured with CD4+ T cells 
8 1 
obtained from WNV-primed C57BL/6 mice at a 1: 1 ratio. LM 
macrophages induced significantly higher proliferative T cell 
responses than the other APC which were generally similar 
(Table 3 .9). 
Discussion 
In this study the efficacy of mur1ne peritoneal 
macrophages, B cells and SDC to function as APC in secondary 
WNV-specific CD4 + T cell proliferative responses in vitro were 
evaluated. The results demonstrate that under appropriate 
conditions, all these cell types have the ability to function as APC. 
On a cell population basis LM macrophages were more efficient 
APC than SDC or naive and antigen-primed B cells. 
Expression of class II MHC antigens is not constitutive in 
peritoneal macrophages but can be induced by certain stimuli 
such as Listeria monocytogenes (Beller et al. , 1980). The 
experiments designed to evaluate induced Ia expression on LM 
macrophages and its correlation with APC function in vitro 
showed that Ia-bearing macrophages were the only effective APC 
. ' 
in the PEC populations. The Rrocedures involving overnight 
'to pb-S'V c Su'< :fa. c.e.s 
adherence of PE9 , and anti-dendritic antibody and complement 
treatment would have significantly reduced contaminating DC, 
yet these treatments had no effect on the APC fun ction of the 
Q r.,-t·, bod..., 
LM-macrophages. Treatment with anti-Mac-I I.__ and complement, 
however, caused a substantial decrease in the APC fu nction of the 
PEC. Furthermore, the finding that opsonization of WNV antigen 
by specific antibody resulted in an increased efficiency of antigen 
presentation (Table 3.6) together with the observation that DC do 
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not express FcR (Nussenzweig et al., 1982), strongly argues 
against the possibility that DC might have contributed to the 
observed responses. Taken together, these findings suggest that 
the dominant functional APC in PEC were macrophages. 
Normal resting B cells are poor presenters of soluble 
antigens, (Kakiuchi et al., 1983 ). Inefficient antigen presentation 
by resting B cells has been ascribed to inadequate antigen uptake 
and processing (Chesnut et al., 1982), low expression of Ia 
antigens (Monroe and Cambi er, 1983) or glycosylation differences 
in expressed Ia molecules (Krieger et al., 1988). In the case of 
antigen-specific B cells, binding of specific antigen to the surface 
lg results in 103 to 104-fold more efficient presentation than 
presentation by non-lg mediated pathways (Lanzavecchia, 1985). 
In the light of these reports, the APC function of Bo and B 14 and 
mitogen-activated B cells was evaluated. 'The finding that B 14 
cells induced higher responses than Bo cells at a S:R ratio of 0.25 
can be explained on the basis that frequency of antigen-specific B 
\ '1 \C e} 'J to t:e_ 
cells in B 14 populations was higher than those 
from Bo populations. To induce similar responses to B 14 cells, Bo 
populations (which take up the antigen predominantly by non-lg 
pathway) would need higher numbers to generate the same 
concentration of ligand. This \Vas _ possi b\1 the case at a S:R 
ratio of 0.5. 
Higher frequencies of WNV -specific B cells in splenic populations 
were attempted by giving weekly injections of WNV over a 
period of four weeks. The efficient APC function of such B++++ 
cells at a low concentration of antigen (Fig 3 .1) together with the 
data showing the inhibition of this function by WNV-specific IgG 
(Table 3. 7), strongly support the notion that specific slg present 
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on these APC plays a role in antigen uptake in an epitope specific 
way. These observations are con sistent with ihe view that 
continuous receptor cycling (Howard , 1985) all ows specific B cells 
to accumulate and process antigen , thereby providing a higher 
concentration of ligand for the activation of T cells. 
Even after repeated immunizations with WNV, which 
presumably gave a higher frequency of antigen-specific B cells 1n 
the splenic B cell populations (B++++ ), the antigen-concentration 
required for optimal APC function of such cells was only two-fold 
lower than that required for Bo or B 14· This contrasts with the 
findings of Lanzavecchia ( 1985), who showed that cloned 
antigen-specific B cells presented antigen to T cells at a 1000-fold 
lower concentration than non-specific B cells. Presumably, the 
present data from B ++++ cells reflects the fact that B cell 
populations, even after hyperimmunization with WNV, contain 
only a tiny minority of WNV-specific B cells. Cloned WNV-
specific B cell lines or hybridomas would be necessary for cell to 
cell comparison with macrophages and SDC. 
Interestingly, with B++++ cells , a suppression of T cell 
proliferation was observed at the highest concentration of WNV 
antigen. Three different possibilities can be ascribed for such an 
effect. First, at high antigen concentration , specific B cells may 
generate a hyper-optimal concentration of ligand on their 
surface, which may, in turn, provide a negative signal for T cells 
(Matis et al., 1983 ). This issue is investigated in Chapter 5. 
Secondly , specific antibodies secreted into the culture may 
decrease uptake of antigen by slg, due to competition for antigen 
binding. Thirdly, higher concentrations of ligand displayed on 
the surface of these cells could be responsible for the activation 
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of inflammatory T cells (T inf or THI), as described by Janeway 
et al (1988). T inf affect Th cells (TH2), a subset of CD4+ T cells 
that help for specific antibody responses, by producing IFN-y 
which can directly inhibit IL-4 action (Rabin et al., 1986; 
Gajewska and Fitch, 1988). The latter lymphokine has been 
shown to be an autocrine growth factor for the Th subset 
(Mosmann et al., 1986). Since both THl and TH2 have been 
shown to proliferate in vitro in response to antigenic stimulation, 
inhibition of TH2 by THI as an explanation for the present 
observation will be applicable only if the frequency of THI 1s 
much lower than TH2. Although murine B cells have been shown 
to express FcR for IgG and IgM (Bastyn et al., 1972), unlike 
macrophages, B++++ ,cells failed to show enhanced APC activity in 
the presence of WNV -specific IgG. These differences may be 
explained as follows, 1) slg-mediated uptake of antigen could be 
the major mechanism for B++++ cell uptake of antigen, and, 2) a 
potent phagocytic activity of macrophage APC provides an 
obvious advantage for rapid internalization of immune complexes 
via FcR (Segal et al., 1983 ), which may not be the case with B 
cells. 
Finally, SDC were tested for APC function. SDC from CBA/H 
mice induced high levels of background T cell proliferation at the 
two top SDC levels which obscured the antigen-specific responses. 
These findings could be due to a potent syngeneic mixed 
leukocyte reaction as reported by Nussenzweig and Steinman 
(1980). In contrast, the responses induced by DC from C57BL/6 
mice were comparable with those obtained using B 14 or Bo APC. 
Inability of DC to induce the highest proliferative responses 
·n.5 
despite constitutively express 1 • high levels of MHC antigens 
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implies that the absence of poten t phagocytic or pinocytic ability 
(Austyn, 1987) reduceJ their ability to indu ce T cell proliferation , 
at least in this in vitro system. 
Taken together, these findings suggest that macrophages, B 
cells and SDC differ in their APC function in the stimulation of 
anti-WNV primed CD4+ T cells in vitro . These differences could 
be due to, 1) their ability to take up antigens, 2) qualitative and 
quantitative difference in their expression of MHC class II 
antigens (Cullen et al., 1981 ), 3) differences in their proteolytic 
machinery for antigen processing (Jensen, 1988; Harding and 
Unanue, 1988), and, 4) the presence or absence of specific 
antibodies. In the latter case, Manca et al (1985) showed that the 
conformational changes caused by the antibodies bound to 
antigen potentiated the presentation of antigen and further 
suggested that the recognition of such complexes by FcR of 
macrophages may represent a mechanism of self-potentiating -t.he.. 
immune response. Taken together these observation suggest 
that, in secondary responses, macrophages and B cells may 
display different spectra of peptides from SDC. 
If macrophages, B cells and SDC differ in their antigen-
presenting function in the secondary in v itro stimulation then 
which type of APC predominate in the activation of resting T cells 
in vivo ? In an unprimed animal it is likely that both 
macrophages and B cells are in some state of activation due to 
on-going immune responses to gut flora or environmental 
antigens. Although macrophages are dis tribu ted widely in both 
lymphoid and non-lymphoid tissues (Unan ue, 1984 ), they are 
rarely seen in 
patches, where 
T-dependent areas of lymph node and Peyer's 
--lhe. 
T lymphocyte activation occurs . In~ spleen, 
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macrophages are present 1n the marginal sinuses surrounding the 
periarteriolar lymphoid sheath and in the lymph nodes they are 
concentrated within the medullary sinuses (Hume et al., 1983). 
Within the lymph nodes, B cells are primarily found in follicles 
(Sprent, 1973), but are rarely seen in non-l ymphoid tissues. In 
contrast, DC are present in T-dependent areas of lymphoid tissues 
(Steinman and Cohn, 1973) and in most of the non-lymphoid 
tissues where antigens first gain access to the body. These three 
cell types also differ in their recirculation pattern which 
determines their ability to take up antigens from the tissues and 
to physically associate with T cells in the lymphoid organs. Since 
B cells recirculate from blood through follicles of lymphoid 
organs, and back to blood (Sprent, 1973 ), they may interact with 
T cells in T-dependent areas during their passage to follicles or 
within the follicle itself (which contain small numbers of CD4+ T 
cells during secondary immune responses , Bhan et al., 1981 ). 
Blood monocytes follow a similar pattern of recirculation (Hall 
and Morris, 1965). In contrast, DC are present in large numbers 
in afferent but not in efferent lymph (Drexhage et al., 1979). 
Further, DC appear to traffic one-way from tissues to draining 
lymph node. This pattern of distribution of DC together with the 
constitutively expressed high levels of MHC antigens 
(Nussenzweig et al., 1981 ) and their requiremen t in small 
numbers for T cell stimulation (Macatonia et al., 1989) make 
them the most likely candidates for a major role in the primary 
activation of resting T cells. Their role in primary response in 
vivo is well-documented (Ron and Sprent, 1987; Lassila et al., 
1988). However, in the present study, DC were not as efficient as 
LM macrophages. It may be that due to their poor 
' 
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phagocytic/pinocytic ability, they requ ire an in teraction with 
macrophages in vivo. The possibility that DC may bind to 
antigenic fragments released by macrophages has been suggested 
by Kapsenberg (1986). 
In addition to their anatomic distribution as described 
above, further limitations on B cells to function as a predominant 
APC during a primary response are, 1) the low frequency of 
antigen-specific B cells in the nai ve animal , and 2) low levels of 
MHC class II antigens on resting B cells. 
Although the macrophages from the periarteriolar lymphoid 
sheath engulf soluble circulating antigens, it is unlikely that these 
cells are involved in the activation of resting T cells, because they 
do not constitutively express MHC class II antigens and their 
chances of coming in contact with T cells are limited to T cells 1n 
transit from blood to periarteriolar sheath and vice-versa. 
These findings suggest that in vivo , in the absence of 
specific antibody and antigen-specific B cells and limited class II 
MHC expression on macrophages, DC are likely to be important in 
the activation of resting T cells in primary immune responses. In 
the secondary immune response , germinal center B cells, antigen-
specific B cells and class II+ macrophages may also function as 
efficient APC. 
In conclusion, the results presented in th is Chapter indicate 
that peritoneal macrophages, when induced to express class II 
MHC antigens by Listeria (LM macrophages), are more potent 
APC than B cells or SDC for inducing in vitro proliferation of 
WNV-immune CD4+ T cells. Moreover, SDC from CBA/H mice 
induced substantial levels of background proliferation, thus 
obscuring the evaluation of in vitro antigen-specific responses. 
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Time-consuming enrichment procedures together with low yields 
of SDC (0.8 to 1 % of the total splenocytes) further limit the use of 
these APC for in vitro studies. Therefore, LM macrophages 
appear to be the best source of APC for in vitro evaluation of Ir 
gene effects of different MHC class II genes and responses against 
different flavivirus proteins, which will be investigated in the 
following Chapter. 
Summary 
In this Chapter, the relative efficacy of macrophages, B cells and 
SDC in presenting WNV antigens to WNV memory CD4+ T cells 
was evaluated. The results indicate that, under appropriate 
conditions, all these cell types can function as APC. Listeria-
induced (LM) peritoneal macrophages induced higher 
proliferative responses than SDC or B cells derived from naive or 
14 day WNV -primed mice. The ability of LM macrophage 
populations to present antigen was specifically inhibited by anti-
class II MHC antibodies. 
On a cell population basis, B cells obtained from mice 
primed with WNV 14 days previously evoked higher responses 
than resting or mitogen-activated B cells. B cells from mice 
receiving weekly injections of WNV over a period of four weeks 
elicited optimal responses with lower doses of antigen than naive 
or 14 day WNV-primed B cells. 
When macrophages \Vere used as APC, addition of specific 
antibodies to \VNV resulted in increased efficiency of 
presentation, probably due to increased uptake of antigen by 
opsonization. In contrast, addition of anti-WNV antibodies to 
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hyper-immune B cells reduced their effi cacy presumably by 
reducing uptake of antigen by B cell slg. When SDC from 
C57BL/6 mice were used as APC, WNV-specific proliferative 
responses were directly related to the number of stimulator cells 
used, whereas the higher levels of background proliferation 
shown by the SDC from CBA/H mice obscured the antigen-specific 
responses. 
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Fig 3.1 : APC function of B++++, B14, and Bo cells over a range of 
WNV antigen concentration. 2xl05 CD4+ T cells from 14 day WNV-
primed mice were co-cultured with 2x 1 Q5 irradiated B cells in the 
presence of varying dilutions of WNV-antigen stock (closed points) 
or mock control (open points). B++++ (squares) were obtained from 
mice receiving 4 injections of WNV over a period of 4 weeks. B 14 
(triangles) cells were from 14 day WNV-primed mice and Bo 
(circles) cells were from naive mice. 
Table 3.1: 
1 2x 1 Q5 CD4+ T cells from 14 day-WNV-primed CBA/H mice \Vere co-cultured with varying numbers of 
n1acrophages in the presence of a 1/4 dilution of WNV antigen stock (M + Ag) in the form of Vero cell lysate or 
mock control (M + Mo.Ag). Peritoneal exudate cells were collected 3 days after infection of either Lisle ria 
monocytogenes or thioglycollate broth. All the macrophage cultures were supplemented with indomethacin 
(7µg/n1l). 
2 
3 
4,5 
6,7 
S: R ratios: stimulator to responder ratios. 
Results represent the mean 3J--I-TdR (cpm) uptake by at least triplicate cultures + S.E.M. 
Statistically significant (P<0.05). 
Statistically insignificant (P>0.1 ). 
Table 3.1 Antigen-presenting function of Listeria-and thioglycollate-induced peritoneal macrophagesl. 
S:R ratios 2 
Ex _eerimen t 1. 
2 
I 
0.5 
0 .1 
Ex_eerim ent 2. 
2 
1 
0.5 
0 .1 
Listeria-induced 
M+Ag 
12,245 + 746 3 
8340 + 370 
2603 + 162 
1015 + 122 4 
16,906 + 629 
9858 + 402 
3515 + 174 
1114 + 57 6 
macrophages 
M + Mo.Ag 
806 + 51 
554 + 38 
299 + 9 
234 + 7 
1052 + 45 
680 + 56 
334 + 21 
335 + 17 
Thioglycollate-induced 
M+Ag 
654 + 58 
601 + 30 
329 + 23 
683 + 19 5 
666 + 71 
836 + 29 
395 + 10 
973 + 49 7 
n1acrophages 
M + Mo.Ag 
488 + 7 
384 + 38 
208 + 8 
429 + 31 
555 + 19 
503 + 19 
274 + 13 
536 + 15 
Table 3.2: Inhibition of antigen-presenting function of LM-macrophages by anti -Iak monoclonal 
antibodies a 
Dilution of 
anti -Ia antibodies 
1/4 anti-Iak 
1/10 anti-Iak 
1/50 anti-Iak 
1 /200 anti-Iak 
1/500 anti-Iak 
1/4 "'anti -lab 
No antibodies 
Responses of CD4 + T cells 
M+Ag M+Mo.Ag 
882 + 101 2 
739 + 5 6 
1150 + 182 
2862 + 5 60 
3900 + 490 3 
12,954 + 1301 4 
12,267 + 906 5 
720 + 3 6 
430 + 91 
647 + 2 8 
923 + 7 6 
813 + 68 
1385 +57 
1429 + 43 
a Enriched CD4+ T cells (2xl05) from WNV-primed CBA/H (H-2k) mice were co-cultured with 
an equal number of CBA/II LM-macrophages in the presence of a 1/4 dilution of WNV antigen 
stock (M+Ag) or mock control (M+Mo.Ag) and varying dilutions of anti -Iak antibodies (lgG2b) 
made fro m hybridoma cell supernatant stock . 
3 ,4 Statistically significant (P<0.0025); 3,5 Statis tically significant (P<0.0005), 
4,5 Statistically insignificant (P>0.3). 
* Class -matched IgG2b antibodies 
2 As for Table 3.1 
The data are representative of one of the two experiments performed. 
Table 3.3: Effect of overnight culture and non-adherent cell removaP on ability of Listeria-
induced peritoneal macrophage populations to act as APC to WNV-immune CD4+T cells. 
S tin1ulators Responses of CD4 +T cells 
Experiment I Experiment II 
M+Ag2 M+Mo.Ag 3 M+Ag M+Mo.Ag 
LM-macrophages cultured 
14h with hkLM *3831 + 3114 62+ 0.8 4973 + 233 6 194 + 2 8 
LM-macrophages cultured 
for 14h without hkLM 183 + 2 7 123 + 1 8 303 + 4 2 79 +8 
Freshly harvested Ll\1-macrophages 5180 + 605 5 140 + 20 5245 + 548 7 141 + 2 3 
1 1 o5 LM-macrophages from C57BL/6 mice were cultured for 14 hours in 96-well-round-
bottomed plates with or without heat-killed Listeria (hkLM, 106 bacteria per well) and washed 
thrice with DMEM before the addition of WNV-immune CD4+T cells (2xl05) (S:R ratio = 0.5). 
2 M+Ag: LM-macrophages pulsed with WNV antigen stock at a 1/4 dilution. 
3 M+Mo.Ag: LM-macrophages pulsed with mock control. 
4,5 Not significant (P>0.05) 
6,7 Not significant (P>0.3) 
* As for Table 3.1 
Table 3.4: Phenotype of Listeria-induced peritoneal exudate cellsl. 
PEC treatment 
Untreated 
33D 1 + C 
Mac-1+ C 
Mac-1+ 33D1+ C 
Conly 
Responses of immune T cells 
M+Ag M+Mo.Ag 
* 12,323 + 806 2 
9524 + 755 3 
1501 + 112 4 
1371 + 5 1 
11,232 + 1008 5 
750 + 8 4 
1717 + 121 
1492 + 94 
1499 + 5 7 
432 + 46 
I 1 o5 macrophages were plated for 2 h and successively treated with antibody and 
complement. Optimum dilution (1/16) of anti-dendritic antibody (33Dl) used was determined 
previously by complement-dependent lysis of splenic dendritic cells. Anti-Mac-1 (Ml/70) 
antibody was used as neat culture supernatants. After the depletion procedures, macrophages 
were co-cultured with 2xl05 WNV-immune CD4 + T cells from C57BL/6 mice (S:R ratio = 0.5) in 
the presence of a 1/4 dilution of WNV antigen stock (M+Ag) or mock control (M+Mo.Ag). 
3 ,5 Statistically insignificant (P>0.1) 
4,5 Statistically significant (P<0.0005) 
2,5 Statistically insignificant (P>0.2) 
* As for Table 3 .1 
The data are representative of one of the two experiments performed. 
Table 3.5 : Ability of B cells to induce WNV-specific proliferative T cell responses 1 
S.R Ratios 
1 0.5 0.25 
B +Ag B + Mo.Ag B +Ag B + Mo.Ag B +Ag B + Mo.Ag 
Bo 2 *2333 + 407 5 289+9 2724+421 7 374+55 1870 + 59 9 370+ 19 
B 14 3 2701+1706 297 +51 2633+ 228 8 292+34 2661+42710 213+25 
LPS/l)exS04 4 563+49 447+34 442+63 295+ 15 357+32 250+ 14 
2 
4 
5,6 
9, 10 
* 
Enriched CD4+ T cells (2xl05) from WNV -primed mice were co-cultured with varying numbers of 
irradiated (1000 rads) B cells in the presence of a 1/4 dilution of WNV antigen stock (B + Ag) or mock 
control (B + Mo.Ag). 
Bo- B cells from naive mice; 3 B 14- B cells fro1n 14 day WNV-primed mice; 
LP S/D ex S04- B cells from naive mice were cultured with lipopolysaccharide and dextran sulph ate at a 
final concentration of 50 and 20 µ g/n1l respectively for 2 days; harvested and used as APC. 
Statistically insignificant (P>0.2); 7,8 Statistically insignificant (P>0.4 ); 
Statistically significant (P<0.05) 
J\s for Table 3.1. 
The data are rcpresentati vc of one of the two experiments perfonned. 
Table 3.6: Effect of antibodies to WNV on antigen-presenting function of 
macrophages a 
An ti bodies Responses of CD4 +T cells 
M+Ag M+Mo.Ag 
Anti-WNV IgG *36,023 + 2590 1 2480 + 154 
Anti -influenza IgG 17,397 + 1493 2 2600 + 104 
No antibodies 14,906 + 1371 3 2089 + 176 
a 2x 1 o5 CD 4 + T cells from WNV -primed C57BL/6 1nice ,vere co-cultured with 1 o5 LM-
rnacrophages in the presence of a 1/4 dilution of WNV antigen stock (M+Ag) or mock control 
(M+Mo.Ag). WNV-specific and control (influenza-spe,cific IgG) antibodies were added at the 
initiation of cultures at a final concentration of 2 mg/ml in 50 µl aliquots . Macrophage to 
responder ratio = 0.5. 
1 ,2 Statistically significant (P<0.0025) 
2,3 Statistically insignificant (P>O.l) 
1,3 Statistically significant (P< 0.0005) 
* As for Table 3 .1 
The data are representative of one of the two experiments performed. 
Table 3.7: Effect of antibodies to WNV on antigen-presenting function of B++++ cells 1. 
An ti bodies Responses of CD4 + T cells 2. 
B+++++Ag B++++ + Mo.Ag 
• 
Anti-WNV IgG * 15, 14 7 + 1097 3 1131 + 42 
Anti-influenza IgG 25,557 + 1386 4 1500 + 58 
No antibodies 24,928 + 1617 5 1926 + 38 
1 B ++++ cells were obtained from the 1nice receiving weekly injection of WNV over a period of 
four weeks. 
2 2x 1 o5 CD4+T cells from WNV-primed C57BL/6 mice were co-cultured with 5xl04 irradi a ted 
B ++++ cells in the presence of a 1/8 dilution of WNV antigen stock (B++++ + Ag.) or mock control 
(B ++++ + Mo.Ag). WNV-specific and control (influenza-specific) antibodies were added at the 
ini tiation of cultures at a final concentration of 2 mg/ml in 50 µl aliquots. B++++ cells to responder 
ratio = 0.25 
3,4 
3,5 
4,5 
* 
Statistically significant (P<0.0025) 
Statistically significant (P<0.0005) 
Statistically insignificant (P>0.3) 
As for Table 3 .1 
The data are the representative of one of the two experiments performed. 
Table 3.8: WNV-specific T cell proliferation in response to the presentation of WNV-antigen 
by splenic dendritic cells a 
S:R ratios 
1 
0.5 
0.25 
1 
0.5 
0 .25 
Responses of CD4 +T cells 
SDC+Ag SDC+Mo.Ag 
SDC from C57BL/6 mice 
5199 + 257 1 
2461 + 13 9 
2395 + 6 9 
1014 + 113 
1048 + 12 9 
920 + 58 
SDC from CBA/H mice 
4617 + 412 2 
7105 + 517 4 
1706 + 24 6 
3223 + 208 3 
4048 + 362 5 
1039 + 40 7 
a 2x 1 o5 CD4+T cells from WNV-primed mice were co-cultured with varying numbers of 
irradiated syngeneic SDC in the presence of a 1/4 dilution of WNV antigen stock (SDC+Ag) or mock 
control (SDC+Mo.Ag). 
2,3 Statistically significant (P<0.025). 
4,5 Statistically significant (P<0.0025). 
6,7 Statistically significant (P<0.0005). 
1 As for Table 3.1 
The data are representative of one of the two experiments performed. 
Table 3.9 Relative efficacy of different types of antigen presenting 
cells a. 
APC Responses of CD4+ T cells. 
APC + Ag APC + Mo.Ag 
LM-macrophage *14,880 + 531 1 246 + 17 
Bo 7,952 + 327 2 170 + 13 
B14 9,037 + 420 3 145 + 4 
soc 7,743 + 304 4 179 + 16 
a 2xl05 CD4+ T cells from WNV-primed C57BL/6 mice were co-
cultured with equal numbers of 1) LM-macrophages - Listeria-
induced macrophages, 2) B 14 - B cells from 14-day WNV-primed 
mice, 3) Bo - B cells from naive mice, and 4) SDC - splenic dendritic 
cells; in the presence of a 1/4 dilution of WNV antigen stock (APC + 
Ag) or mock control (APC + Mo.Ag). 
1,2; 1,3 & 1,4 Statistically significant (P< 0.0005). 
* As for Table 3.1 
The data are representative of one experiment. 
CHAPTER 4 
IMMUNE RESPONSE GENE CONTROL OF MHC CLASS II-
RESTRICTED T CELL RESPONSES TO WEST NILE AND 
KUNJIN VIRUS 
Introduction 
The capacity of an individual to respond to an antigenic 
stimulus is in part genetically determined. 
MHC-linked immune response (Ir) genes encode cell surface 
molecules that restrict the specificity of T lymphocyte responses 
to antigen (Benacerraf, 1978). CD4+ T cells, upon activation, 
secrete lymphokines that influence a variety of functions, such as 
specific antibody secretion by B cells (IL-4, 5 and 6), 
differentiation of Tc cells (IL-2, 4 and 6), inhibition of viral 
replication (IFN-y, tumour necrosis factor) and macrophage 
activation (IFN-y). In addition, CD4+ T cells are also involved in 
the initiation of inflammatory responses. Antigen recognition by 
CD4 + T cells 1s restricted by class II MHC gene products present 
on the surface of APC such as DC, macrophages and B cells. The 
epitope recognized is formed by a peptide of 6 to 20 amino acids 
derived from a foreign antigen complexed with class II MHC 
(Babbitt et al., 1985; Buus et al., 1986). Amino terminal domains 
of both chains of class II MHC molecules form a binding site for 
peptides (Brown, 1988). Most of the polymorphic residues 
amongst different MHC alleles are found in and around this 
binding site. The influence of MHC and background genes can be 
studied in inbred mouse strains to give insight into potential 
problems with viral vaccines in human populations. 
CD4 + T cell recognition of non-structural, cytosolic and 
structural, membrane-associated proteins, has been shown in 
several virus infections. In the case of influenza A, immune Th 
cells from BALB/c (H-2d ) mice recognize purified protein 
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preparations such as haemagglutinin, neuraminidase, matrix and 
nucleoprotein (Hurwitz et al., 1985). Hepatitis B virus-specific, 
HLA-DPW4-restricted human T cell lines of helper/inducer class 
were found to respond strongly to epitopes derived from 
hepatitis B surface antigen (Celis et al., 1988b ). In the case of 
rabies virus, human T cells restricted by HLA-DR 7 were shown to 
be specific either for glycoprotein or ribonucleoprotein (Celis et 
al., 1988a). Similarly, dengue-immune Th cells from BALB/c 
mice have been shown to recognize C, prM, E, NS 1 and NS2 
proteins (Rothman et al., 1989). 
Some flaviviruses cause disease and vaccines are needed as 
reviewed in Chapter 1. West Nile and Kunjin virus infections can 
be studied in mice but thus far, T lymphocyte responses to 
flaviviruses under the influence of different MHC haplotypes and 
genetic backgrounds have been little studied (Hill, 1990). Kunjin 
virus is a member of the serological complex represented by 
Japanese encephalitis virus, Murray Valley encephalitis virus, 
West Nile virus and St. Louis encephalitis virus. This virus is 
widely distributed in Australia, often in association with Murray 
Valley encephalitis virus (Marshall et al., 1982) but is rarely 
associated with clinical infection (Muller et al., 1986). West Nile 
virus, which is widely distributed in different parts of the world , 
shares 93 % homology with Kunjin in the deduced amino acid 
sequence; which is far more than the other characterized 
members of this group (Coia et al., 1988). 
The present study analyzes the murine CD4+ T cell 
response to West Nile and Kunjin virus, identifies the major virus 
antigens recognized and demonstrates that the response is 
influenced by MHC class II and background genes. 
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Materials and Methods 
Mice: 
Specific pathogen free mice, bred at the JCSMR were used at 8 to 
10 weeks of age. H-2 haplotypes and the abbreviations of the 
strains used in this Chapter are shown in Table 4.1. 
Viruses: 
Flaviviruses: \Vest Nile, Saraf end strain and Kunjin-strain MRM 
16 were obtained from Dr.l.D .Marshall, and grown in 4 day-old 
suckling mouse brains as described in Chapter 2. These virus 
stocks were titrated by plaque assay on Vero cells. 
Kunjin-vaccinia virus (Kunjin-VV) recombinants: A series of 
vaccinia virus recombinants used in this study, containing 
various segments of Kunjin cDNA (Parrish et al., unpublished) 
under the control of vaccinia early-late promotor P7 .5, within the 
thymidine kinase region of the vaccinia genome, are shown in Fig. 
4.1. The 5' end of the Kunjin genome, encoding sequences for C, 
prM/M, E, NSI, NS2A, NS2B and 75 amino acid residues from the 
aminoterminus of NS3, is encoded by VKV 1031. VKV 1022, 
encodes 78 amino acid residues from the carboxyterminus of 
NS4B and all of NS5. VKV 1023, encodes 20 amino acid residues 
from the carboxyterminus of NS2B, all of NS3 and 85 residues 
from the aminoterminus of ns4a. VKV 1024, spanning all of NS3-
NS5, was prepared from 1023 and 1022 by addition of the 
bridging sequences encoding ns4a and NS4B. 
The thymidine kinase-negative derivative of the WR strain 
of vaccinia virus (VVTK-), which was used as a control for 
obtaining CVI cell lysates (see below), was a gift from Dr.D.Boyle. 
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Virus stocks were prepared from infected CV-1 cells (0.01 
pfu/cell) grown in 2 litre . -acid washed roller bottles Schott Maj r>-z 
., ) C?, e "'( tN-i rt'J) . 
Titrated stocks were stored 1n 100 µl aliquots in sterile vials at 
-700 C. 
Titration of Kunjin-vaccinia . virus recombinants: 
Stock virus preparation was incubated with an equal volume of 
trypsin (1 mg/ml) in gelatin saline for 30 min at 3 70 C. After 
neutralization of the trypsin with 800 µl of saline containing 5o/o 
FCS, serial 10-fold dilutions were made and the virus titrated as 
plaques grown on human 143B cell monolayers in 6 well Linbro 
plates (Flow Laboratories, Inc, McLean, VA). Virus was adsorbed 
for 1 h before the cell monolayers were overlaid with EMEM 
a. 
containing 2.5% FCS. After "2 day incubation period at 370 C in a 
humidified atmosphere containing 5% CO2 in au, monolayers 
were fixed and stained with 0.1 % crystal violet in 20% ethanol for 
5 min, dried and plaques counted. 
Immunization of mice: 
Mice were immunized i.v. with 106 pfu of WNV or Kunjin-VV (or 
with VVTK- control) diluted in 200 µl of gelatin saline (0.5% ~/~ 
gelatin in borate buffered CaMg saline, pH 7 .2). Before use for 
immunization, vacc1n1a virus stocks were diluted in 2 ml of 
cCPp·~) 
gelatin saline to contain the desired pfu and sonicated as I, 
described in Chapter 2. 
Vero cell-derived WNV antigen: 
As for Chapter 2. This WNV antigen preparation was used at a 
1/4 dilution in all the experiments. 
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Vero-cell derived Kunjin antigen: 
Kunjin antigens were prepared using Kunjin infected Vero cells as 
described for WNV in Chapter 2. This Kunjin antigen preparation 
was used at a 1/4 dilution (optimal dilution ). 
Recombinant vaccinia virus-derived Kunjin antigens: 
(s:J-o t~ tJciJ ~ 
CV 1 cells grown in 2 Ii tre : · . acid .. washed roller bottles /,in G e-y ,t):.~Y) 
EMEM supplemented with 5% FCS were infected for 1 h at 370 C 
with VKV 1024, VKV 1023, VKV 1022, VKV 1031 or V\lTK-
viruses at a multiplicity of 0.02 pfu per cell, using 10 ml of EMEM 
supplemented with 5o/o FCS. After 1 h unadsorbed virus was 
removed by 2 washings with EMEM and monolayers were 
cultured at 370 C in EMEM supplemented \vith 2% FCS. At 24 h 
post-infection, monolayers were washed twice \vith EMEM, 15 ml 
of EMEM was added to each roller bottle and the bottles were 
C p.~9) 
stored at -700 C. Freeze-thawed lysates were sonicated)_ as 
described in Chapter 2. These lysates, used at a 1/4 dilution 
(optimal dilution) without UV-irradiation, hereafter will be 
ref erred to as 1024, 1023, 1022 and 1031 or recombinant 
vacc1n1a virus-derived Kunjin antigens. 
Antigen presenting cells: 
Two types of APC used in the present study were, 1) LM-
macrophages, obtained 3 days after i.p. injection of live Listeria 
monocytogenes (described in Chapter 3), and, 2) B cells obtained 
from. 14 day-primed (WNV or Kunjin) mice (described in Chapter 
3 ). 
In the T cell proliferation assays, macrophage cultures were 
supplemented with 2x 10-5 M indomethacin (7 µ g/ml) as 
described in Chapter 3. B cells were irradiated with 1000 rads 
from a 60Co source before using them as APC. 
95 
Generation of primary anti-Iak T cell s: 
As for Chapter 3. 
Proliferation assay: 
Proliferative T cell responses to WNV and Kunjin antigens were 
tested in the modified assay described in Chapter 2 using 3 
different sources of antigens, 1) WNV-V-infected Vero cell 
lysates, 2) Kunjin-infected Vero cell lysates, and 3) recombinant 
vacc1n1a virus-derived Kunjin antigens. 
Statistical analysis: 
As for Chapter 2. 
Results 
The responses of immune T cells are dependent upon the 
type of APC: 
In the initial experiments, WNV-and Kunjin-immune CD4+ T cells 
from mice of different MHC haplotypes and backgrounds were 
restimulated in vitro using H-2 compatible macrophages and B 
cells as APC in the presence of WNV and recombinant vaccinia 
virus-derived Kunjin antigens . 
.tl Responses to WNV antigens: In the H-2k haplotype, the 
responses induced by macrophage APC were higher than those 
induced by B cells (Table 4.2). CBA macrophages induced higher 
responses from H-2-matched T cells ( of either CBA or BR origin) 
than BR macrophages. On the other hand , B cells from both CBA 
and BR showed low but equal stimulatory capacity. BR T cells 
responded more weakly than CBA T cells , given the same APC. 
In the case of the H-2b haplotype, B cells from B/b and B6 
were both efficient APC, comparable to B6 macrophages and 
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superior to B/b macrophages. T cells from both B/b and B6 
sho,ved similar responses when B cells were used as APC, but B/b 
macrophages seemed less active as APC than B6 macrophages. 
B cells from the H-2q haplotype invariably induced higher 
responses than macrophages. D/1 macrophages induced high 
background prolif era ti on. 
These results indicate that H-2 type, genetic background 
and APC type may all affect the proliferation assay. 
hl. Responses to recombinant vaccinia virus-derived Kunjin 
antigens: Tables 4.3 to 4.5 show the responses of Kunjin-immune 
T cells from the H-2k, H-2b and H-2d haplotypes respectively, 
from one representative experiment, using macrophages and B 
cells as APC and lysates of CVI cells infected with various 
recombinant vaccinia viruses to identify Kunjin proteins that give 
nse to T cell epitopes on APC. 
In the case of the H-2k haplotype (Table 4.3), both the CBA 
and BR strains gave T cells responsive to 1031 and 1022, the 
\f:d-U.( ed 
farmer being stronger. Macrophage APC , higher T cell 
proliferation with the VVTK- control than B cells, but the pattern 
of response was generally similar for both types of APC. 
With the H-2b haplotype (Table 4.4), T cells from both B/b 
and B 6 responded to 1031, 1022 and 1024 in decreasing order of 
strength. As before, higher background proliferation with 
macrophages pulsed with VVTK- antigen lysates obscured 
responses to some extent. In contrast , n Table 4.2, Bib 
macrophages were better APC than B6 in the case of 1031. The 
higher backgrounds with VVTK- were also evident with 
macrophage APC from H-2d strains (Table 4.5). Also, D2 
macrophages induced no responses with 1031, whereas the latter 
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induced strong responses when B/c macrophages were used. 
However, the general pattern of responses was basically similar 
to that seen with H-2k, viz. responses with 1031 and 1022, not 
with 1023 and 1024. 
Expression of class II MHC antigens on LM-macrophages 
from different mouse 
( 1 cJ::1 e L+ -:2.) 
acrophages from BR, D/1 and 6R; mice stimulated 
-
strains: 
low T cell responses against WNV antigens. In order to explore 
the possibility that this could be due to low levels of MHC class II 
antigens on LM macrophages, · the ability of macrophages 
from CBA and BR mice to restimulate in vitro proliferation of 
alloreactive anti-Iak T cells was compared. TH peritoneal 
macrophage populations, which do not express high Ia+ antigen 
levels (Beller et al., 1980) were used as a control. 
LM macrophages from both CBA and BR mice induced lower T cell 
responses at S :R ratios of 1 than at 0.25 or 0.125 (Table 4.6). TH 
macrophages also showed a similar inverse dose response but the 
magnitude of response was lower. Peak responses were similar 
with CBA and BR macrophages. Similar results were obtained 
when LM macrophages from D/1 and 6R were tested with anti-
Iaq T cells (data not shown). 
These results indicated that LM macrophages from BR, DBA 
and 6R mice were not deficient in the levels of expressed MHC 
class II antigens, but raised an alternative possibility that the 
lower responses could be caused by suppression of T cell 
proliferation when high numbers of macrophages were used as 
APC. Variation between different batches of LM macrophages 
with respect to dose response might account for differences in 
strain comparison as noted for B6 and B/b in Tables 4.2 and 4.3. 
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Therefore the dose responses of stimulator macrophages 
from different mouse strains were investigated to further 
evaluate the effect of class II MHC Ir genes on CD4+ T cell 
responses to WNV and Kunjin antigens. 
Evaluation of Ir gene effects under optimal stimulatory 
conditions ,vith macrophages as APC: 
fil Responses to WNV antigens: Fig. 4.2 shows the responses of 
immune T cells from H-2b, H-2d, H-2k and H-2q haplotypes to 
WNV antigens using varying numbers of H-2-matched 
macrophages as APC from one of the two representative 
experiments. Macrophages from B/b, B/c, and CBA mice were 
more efficient APC for H-2-matched T cells than those from B6, 
D2 and BR mice. T cells from B/c, CBA and B/b mice were also 
better responders than B6 and BR T cells. With the H-2q 
haplotype, D/1 T cells were better responders than 6R T cells and 
were more efficiently stimulated by D/1 macrophages than 6R 
APC. Macrophages from the strains with C57BL background 
·1n Ju. c..ed suppression of T cell prolif era ti on at high stimulator cell 
·,r,dU~ 
numbers. B6 macrophages / higher T cell responses at the 
---~ lowest cell numbers tested. Therefore the possibility that these 
macrophages may induce optimal responses at even lower S :R 
ratios was evaluated, but the results indicated that the best T cell 
responses were at S :R of 0.125 and lower APC numbers did not 
induce higher responses (data not shown). 
hl. Responses to recombinant vaccinia virus-derived Kunjin 
antigens: 
Figures 4.3, 4.4 and 4.5 show the responses of CD4+ T cells from 
Kunjin-primed H-2k, H-2b and H-2d mice against recombinant 
vaccinia virus-derived Kunjin antigens using varying numbers of 
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macrophages as APC from one of the two representative 
experiments. With the H-2k haplotype (Fig. 4.3) responses to 
1022 were always above the VVTK- control, responses to 1031 
were usually above the control (9 out of 12 data points), though 
not as high as 1022, but only 1 out of 12 data points were above 
the VVTK- control in the case of 1023 and 1024. There was no 
clear pattern of dose response with varying macrophage 
numbers. In contrast, in the case of H-2b (Fig 4.4) and H-2d (Fig 
4.5) higher numbers of 1nacrophages generally suppressed 
responses and maximal proliferation occurred at S :R ratios of 0.25 
or 0.5. Also, with both of these haplotypes , responses to 1031 
were generally higher than those to 10~2, with one exception in 
each case. Responses to 1024 and 1023 were never high, though 
occasionally above the VVTK- control. Despite the manipulation 
of macrophage numbers, responses of H-2b T cells to 1024 p0 es-ent ~ 
by B cell. APC (Table 4.4) were not achieved with 
macrophages as APC. 
Induction of men1ory specific for different Kunjin 
proteins: 
The ability of Kunjin-VV recombinants to pnme for a secondary 
in vitro proliferative response was evaluated by priming CBA 
mice with these viruses. CD4 + T cells obtained 3 weeks later 
were stimulated with LM macrophages pulsed with Vero cell-
derived Kunjin antigen. Although the high background 
proliferation obscured responses to some extent, pnm1ng with 
VKV 1031 induced significantly higher Kunjin-specific T cell 
responses than priming with the whole virus, whereas the 
response of VKV 1022-immune T cells were comparable with 
Kunjin-immune T cells (Table 4.7 ). VKY 1023-and 1024-immune 
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T cells did not give statisticall y significant responses to Vero cell-
derived Kunjin antigens. 
Discussion 
In this Chapter, the CD4 + T cell responses to WNV and 
recombinant vaccinia virus-derived Kunjin antigens presented by 
macrophages and B cells were analyzed. Since macrophages and 
B cells differ in their ability to take up and process exogenous 
antigens ( discussed in Chapter 3 ), it was possible that these 
different APC may display different epitopes to T cells. 
Recombinant vaccinia viruses encoding fore ign genes 
provide a means to study the immunobiology of encoded 
proteins. The flavivirus genome consists of a single strand RNA 
of positive sense, and is about 11 kilobases in length. In an 
infected cell, the translation of this RN A initiates with the capsid 
protein near the 5' end of the genome and proceeds sequentially 
through the genome to produce one precursor polyprotein. 
Individual proteins are produced by post-translational cleavage 
of this polyprotein on specific sites (Rice et al. , 1986). The 
cleavage products of the polyprotein include, three structural (C, 
prM and E) as well as large non-structural polypeptides (NS 1, 
NS3 and NS5), along with four small non-structural polypeptides 
(ns2a, ns2b, ns4a and ns4b ). Structural proteins have been 
implicated in haemagglutination and neutralization, whereas NS 1 
has been shown to be a soluble complement-fixing antigen (Smith 
and Wright, 1985). In the present study, recombinant vaccinia 
virus vectors encoding the various portions of Kunjin genome 
were used but whether cleavage of such encoded proteins 
1 0 1 
occurred as in natural flavivirus infection ' ·, s not known. 
Construct VKV 1022 encodes NS5 and a portion of NS4B, VKV 
1023 encodes NS3 and portions of ns4a and NS2B, VKV 1024 
encodes all of the NS3-NS5 and a part of NS2B, while VKV 1031 
encodes C, M, E, NS 1, NS2A, NS2B and a part of NS3. 
The present experiments led to several interesting findings. 
Despite many potential T cell determinants encoded by the 
Kunjin virus genome, the expressed T cell repertoire appeared to 
be focussed Off . ' , , limited number of immunodominant sites. 
This has also been shown to occur with other protein antigens, 
such as cytochrome C (Solinger et al., 1979), hen-egg lysozyme 
o.rid 
(Maizels et al., 1980), influenza haemagglutinin (Hackett et al., 
1-... 
1983). 
The results presented in Figs. 4.3, 4.4 and 4.5 together with 
those in Table 4.7 strongly support the notion that there 1s an 
apparent bias of class II MHC-restricted T cells towards the 
recognition of structural and membrane-associated non-
structural Kunjin virus proteins. This makes good biological 
sense for 2 reasons. Firstly, antigen-activated Th cells could 
participate in protective immunity by enhancing the production 
by B cells (through lymphokine secretion), of virus-neutralizing 
antibodies which must be directed against surface epitopes of 
viral structural proteins. Secondly, cell membrane-associated 
non-structural proteins could be the target for complement-
dependent lysis of virus-infected cells. The protective role of 
such antibodies has been shown in experimentally-infected mice 
and in monkeys with yellow fever (Schlesinger et al., 1985, 1986) 
and dengue viruses (Zhang et al., 1988). 
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Apparent bias of class II MHC-restricted T cells for the 
recognition of structural and membrane-associated, non-
the.... 
structural protein can be explained on the basis of i_ relative 
availability of various virus-specified proteins for T cell '.'. C C ,/ P"< M_, t.. & N 5 I...J 
recognition. Since the membrane-directed,,< proteins follow a 
pathway through ER and Golgi, it can be proposed that these 
proteins are less likely to be degraded by intracellular proteases , 
whereas the chance of cytosolic non-structural proteins being 
degraded by cellular enzymes are likely to be greater. Even after 
the lysis of infected cells as a result of either direct cytopathic 
effect of virus or Tc and NK cell-mediated lysis, the relative 
availability of virus-specified, membrane-associated proteins in 
their native state for antigen-uptake by various APC may be 
greater than those from non-structural proteins. It may be that 
during the initial phase of the immune response, class II+ 
macrophages and DC present all potential epitopes to resting T 
cells. However, in a later phase of the immune response, when 
antigen concentration is low, antibody-dependent uptake of 
antigen may be dominant. Thus, if antibody responses are biased 
towards membrane-associated proteins, these proteins may be 
the dominant source of epitopes for CD4+ T cells. The uptake of 
an antigen via clonally-distributed slg present on antigen-
specific B cells provides an efficient way for the intracellular 
accumulation of large quantities of epi tope-carrying fragments 
(Howard, 1985) and specific B cells would be present in ever-
increasing numbers during development of the immune response. 
Therefore it can be proposed that these APC will select only those 
T cell clones which reciprocally activate them (by secreting 
lymphokines) to fulfil their functional commitment, 1.e. 
differentiation into antibody secreting cells. 
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In addition, the recognition of 1022 by T cells implies that 
certain virus-encoded cytosolic non-structural proteins released 
by various mechanisms discussed above, are also available for 
processing by APC in the class II-restricted pathway. The 
relative accessibility of such antigens to different classes of APC 
such as macrophages, DC and B cells would depend upon sites of 
virus growth and the stage of pathogenesis of infection. There 
may be interaction between different APC as in the example 
v,here B cells take up antigens from follicular dendritic cells 
through an interactive pathway of antigen-presentation (Tew et 
al., 1989). 
A point of some interest was the observation that 
regardless of haplotype, the responses to 1024, which 
encompasses 1023 and 1022, were lower than the responses to 
1022. Since optimal dilutions of lysates were used in the 
proliferation assays, these findings cannot be explained on the 
basis that 1024-pulsed macrophages expressed sub-or hyper-
optimal concentrations of ligand, resulting in suppression (see 
following Chapter). These results may be explained as follows. 
Firstly, given that protein degradation is a function of its 
structure (Tanford, 1968; Allen , 1987), epitope-relevant 
fragments within 1024 might have been cleaved in a different 
way than those within 1022. Further constraints on the 
processing and presentation of these fragments include, 1) the 
residues distant from the minimal peptide epitope may affect 
processing by promoting or inhibiting unfolding or cleavage of 
fragments (Shastri et al., 1986), and, 2) competition between 
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peptides for association with class II molecules may affect the 
quantity of a given epitope on the APC surface (Buus et al., 1987). 
Thus, processed antigenic fragments derived from the cleavage of 
polyprotein of the replicating Kunjin virus following priming 
might differ qualitatively or quantitatively from those displayed 
by 1024-pulsed macrophages; whereas 1022, which encompasses 
mostly NS5, might be processed in the same way as during 
natural Kunjin infection. Disparity in binding of processed 
fragments derived from natural processjng and corresponding 
synthetic peptides has been shown in the case of equine 
myoglobin (Brett et al., 1988). Taken together, these arguments 
support the notion that differences in processing of 1024 and 
1022 1s the probable cause for lower responses to 1024. 
In the initial experiments, when the responders and APC 
were co-cultured at a fixed ratio it was observed that within a 
given haplotype, both macrophages and B cells induced 
inconsistent patterns of responses from immune T cells. For 
example, WNV-immune CBA T cells responded more strongly to 
-to 
WNV-antigen-pulsed macrophages than A WNV-antigen pulsed B 
cells (Table 4.2), but in the case of recombinant vacc1n1a virus-
derived Kunjin antigens (Table 4.3, responses to 1031), Kunjin-
immune CBA T cells responded as strongly to 1031 presented by 
B cells as by macrophages. Similarly, WNV-specific proliferative 
responses induced by B/b macrophages were significantly lower 
than those induced by Bib B cell APC (Table 4.2), but in the case 
of recombinant vaccinia virus-derived Kunjin antigens (Table 
4.4 ), B/b macrophages were more efficient stimulators than B 
cells. Since the magnitude of T cell proliferation is a function of 
both antigen concentration and available MHC molecules (Matis et 
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al., 1983), then under the conditions of fixed antigen 
concentrations (WNV or recombinant vaccinia virus-derived 
Kunjin peptides), the observed variability of T cell responses 
could be attributed to inter-experimental variation in levels of 
MHC class II antigens on both types of APC and levels of antigen-
specific B cells in primed spleen cell populations. It can be 
concluded from the results obtained from Iak-specific 
proliferative T cell responses that high stimulator cell numbers 
adversely affected the proliferative responses (see the following 
Chapter). Therefore varying numbers of macrophage APC were 
used to evaluate the MHC Ir gene effects with a view to provide a 
range of concentrations of available MHC molecules (complexed 
with WNV OT Kunjin peptides) for inducing optimal responses 
from the majority of the clones within the polyclonal T cell 
populations. , c.e-' l.S ot 
With WNV antigen the( H-2b and H-2d haplotypes more 
realibly gave good responses than H-2k and H-2q haplotypes (Fig 
4.2). In the case of recombinant vacc1n1a virus-derived Kunjin 
antigens, responders of the H-2b and H-2d haplotypes 
predominantly recognized 1031 and 1022, whereas their 
responses to 1023 and 1024 were weak (Figs 4.4 and 4.5). In the 
H-2k haplotype, both CBA and BR T cells predominantly 
recognized 1022 while responses to 1031 were weak (Fig. 4.3 ). 
, eei , s r""' o yY) 
The/ _ H-2k, H-2b and H-2d haplotypes responded to Kunjin 
antigens in decreasing order of strength. Why this order differs 
from responses with WNV is not clear. Analysis of this question 
would require an investigation of cross-reactivity between WNV 
and Kunjin and ultimately identification of the peptides relevant 
to CD4 + T cell epi topes. 
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The influence of Ir genes on these responses could be 
explained as follows, 1) variability in the !vIHC-binding affinity of 
processed antigenic peptides together with the competing self 
peptides may affect the concentration of MHC-peptide complexes 
displayed on the surface of APC for T cell recognition, or, 2) since 
the TcR usage for the recognition of a particular MHC-peptide 
combination is influenced both positively and negatively by 
thymic MHC molecules, it can be proposed that certain MHC 
molecules may simply be better able to interact with larger 
numbers of TcRs than others resulting 1n the selection of T cell 
clones either with high affinity or high precursor frequency. 
Although, B cells of all haplotypes tested presented 1031 
and 1022, their efficiency did not necessarily correspond to that 
of macrophages from the same mouse strains. These differences 
in the antigen-presenting function of macrophages and B cells 
could due to, 1) differences in antigen uptake and proteolytic 
mechanisms involved in antigen processing (Jensen , 1988; 
Harding and Unanue, 1988), and, 2) disparity in the generation of 
Ia-peptide complexes due to glycosylation differences in the a.-
chain of Ia from these two APC (Cullen et al., 1981 ). 
With regard to background genes, CBA macrophages, at an 
optimal S:R ratio of 1, induced higher responses from CBA T cells 
than BR T cells (Fig.4.2). Furthermore , BR macrophages did not 
stimulate the responses of BR T cells , even at optimal S :R ratios, 
as efficiently as CBA macrophages (Table 4.2 and Fig.4.2). 
However, BR B cells did not seem deficient in their APC function 
(Table 4.2). Taken together, these observations suggest that low 
responses of BR T cells in vitro could be due to poor ability of BR 
macrophages to present antigens for T cell priming in vivo. In 
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gerneral , under optimal stimu latory conditi ons in vitro, 
macrophages from B/b, B/c and CBA were more efficient 
stimulators of H-2-matched T cells than B6, D2 and BR 
macrophages. The reason for apparent low efficacy of 
macrophages from the C57BL background was that they caused 
suppression of Th cells when used at the high stimulator cell 
numbers which gave optimal responses with macrophages from 
other strains (see Chapter 5). In this case it may be possible that 
non-MHC genes may influence certain features of antigen 
processing and presentation, or qualitative and/or quantitative 
factors involved in adhesion between APC and T cells (Bierer et 
al., 1989). 
Summary 
The present Chapter analyses the influence of MHC class II (Ir) 
genes on MHC class II-restricted T cell responses to West Nile and 
recombinant vaccinia virus-derived Kunj in antigens and 
identifies the immunodominant antigens encoded by the latter. 
WNV-specific in vitro T cell responses from H-2b and H-2d mice 
\vere higher than those from H-2k and H-2q haplotypes. Of the 
recombinant vaccinia virus-derived Kunjin antigen preparations 
tested in vitro, Kunjin-immune T cells of H-2b and H-2d 
haplotypes predominantly recognized structural (prM/M, C, E) 
and membrane-associated non-structural proteins (NS 1) encoded 
by VKV 1031 and showed weaker responses to cytosolic non-
structural protein, NSS (VKV 1022), whereas the responders of 
H-2k haplotype strongly recognized the antigens encoded by VKV 
1022 and VKV 1031. 
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Within a given inbred strain, B cells and macrophages 
differed in their ability to present recombinant vaccinia virus-
derived Kunjin antigens, both in terms of magnitude of T cell 
responses induced and the particular Kunjin protein presented. 
The observation that T cells from different backgrounds varied 1n 
their requirement of macrophage .APC numbers for maximu1n 
reactivity suggested that the concentration of class II MHC 
antigens and other molecules affecting APC-T cell interaction 
varied in mice with different genetic backgrounds. 
The finding that regardless of MHC haplotype, the responses to 
1024 which encompasses 1023 and 1022, were lower than 1022, 
probably reflects the differences in the processing requirements 
of these two proteins. 
-KUN.JIN GENC>ME 
S' 2 3 4 
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Fig. 4.1. Map of cDNA of the Kunjin genome (Coia et al., 1988) 
showing the various segments encoded by Kunjin-vaccinia virus 
recombinants (Parish et al., unpublished). VKV 1031 encodes, C, 
prM/M, E, NSl, NS2A, NS2B and a portion of NS3; VKV 1023 
encodes for a portion of NS2B, all of NS3 and a portion of ns4a; 
VKV 1024 encodes, all of NS3-NS5 and a part of NS2B, while VKV 
1022 encodes a portion of NS4B and all of NS5. 
Fig. 4.2: In vitro responses of WNV-primed CD4+ T cells with varying numbers of n1acrophages (as APC) from 
different MHC haplotypes and backgrounds in the presence of a 1/4 dilution of WNV antigen stock (solid lines) 
or mock control (broken lines). 
I-I -2b hapJotype: Closed points: BALB/b res ponders 
Open points C57BL/6 res ponders 
Squares BALB/b stimulators 
Circles C57BL/6 stimulators 
H-2d haplotype: Closed points BALB/c responders 
Open points BIO.D2 responders 
Squares BALB/c stimulators 
Circles B10.D2 s timulators 
H-2k haplotype: Closed points CBA/H responders 
Open points BIO.BR responders 
Squares CBA/H stimulators 
Circles BIO.BR s titn u la tors 
H-2q haplotype: Closed points DBA/lJ responders 
Open points B 10.T(6R) responders 
Squares DBA/IJ stimulators 
Circles BIO.T(6R) stimulators 
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Fig. 4.3: 
In vitro responses of H-2k-restricted Kunjin-primed CD4+ T cells by varying numbers of macrophages pulsed 
with recombinant vaccinia virus-derived Kunjin antigens. CBA/H ahd BIO.BR responders were stimulated by 
H-2-matched macrophages in the presence of a 1/4 dilution of lysates from CVI cells infected with VVTK- ( D ), 
VKV 1024 ( • ), VKV 1023( e ), VKV 1022 ( O ) or VKV 1031 ( A ). 
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Fig. 4.4: 
In vitro responses of I-f-2b-restricted Kunjin-primed CD4+ T cells by varying numbers of macrophages pulsed 
with reco1nbinant vaccinia virus-derived Kunjin antigens. BALB/b and C57BL/6 responders were stimulated by 
I-1-2-matched macrophages in the presence of a 1/4 dilution of lysates from CVI cells infected with VVTK- ( D ), 
VKV 1024 ( B ), VKV 1023 ( e ), Vl(V 1022 ( O ) or VKV 1031 ( A ). 
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Fig. 4.5: 
In vitro responses of H-2d -restricted Kunjin-primed CD4+ T cel]s by varying numbers of macrophages pulsed 
with recornbinant vaccinia virus-derived Kunjin antigens. BALB/c and B 10.02 responders were stimulated by 
1-1-2-matched macrophages in the presence of a 1/4 dilution of lysates from CVl cells infected with VVTK- ( D ), 
VKV 1024 ( • ), VKV 1023 ( e ), VKV 1022 ( O ) or VKV 1031 ( • ). 
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Table 4.1 Strains of mice used and their H-2 haplotype. 
H -2 haplotype 
Strain Abbre v iat ion K Aa A~ E~ Ea s D 
CBA/H CBA k k k k k k k 
BIO.BR BR k k k k k k k 
BALB/b B/b b b b b b b b 
C57BL/6 B6 b b b b b b b 
BALB/c B/c d d d d d d d 
B10.D2 D2 d d d d d d d 
DBA/lJ D/1 q q q q q q q 
B10.T(6R) 6R q q q _ q q q d 
BlO.AQR AQR q k k k k d d 
Table 4.2: 
a 2x 105 enriched CD4+ T cells from mice primed with 106 pfu of WNV 14 days previously, were co-cultured 
with LM-macrophages and B cells (from 14 day WNV-primed mice) at a 1:1 ratio in the presence of a 1/4 
dilution of WNV antigen stock (M + Ag or B + Ag) or mock control (M + Mo.Ag or B + Mo.Ag). 
1,2; 1,5; 4,5; 7,11; 6,11 & 18,19 
2,3; 8,11; 9,11; 10,11; 7,12; 6,12; 11,13 & 6,13 
8,12&9,12 
12,13; 14,15 & 16,17 
6,7 
6,8 & 7,9 
2,4; 6,10 & 12,10 
6,9 
Statistically significant (P<0.0005 ), 
Statistically significant (P<0.0025), 
Sta tis ti call y significant (P<O .01 ), 
Statistically significant (P<0.05), 
Statistically insignificant (P>0.1 ), 
Statistically insignificant (P>0.25), 
Sta tis ti call y insignificant (P>O .3 ), 
Statistically insignificant (P>0.45). 
* Mean 3 I-1-TdR (cpm) uptake by at least triplicate cultures + S.E.M. 
The data are representative of one experiment. 
Table 4.2 : In vitro stimulation of WNV-irnmune CD4 + T cells by macrophages and B cells from different 
backgrounds a. 
Res£onses of CD4 + T cells. 
Macrophages as stimulators 14 day-WNV -primed B cells as 
WNV immune Stimulator stimulators 
CD4+ T cells APC M+Ag M + Mo.Ag B +Ag B + Mo.Ag 
CBA CBA *59,033 + 3336 1 1854+ 231 4376+59 570 + 29 
CBA BR 11,247 + 957 2 1066+ 102 4408+4773 1307 + 56 
BR BR 3417 + 283 4 448+56 1677+77 468 + 45 
BR CBA 12,011+11525 825+62 1522+ 106 526 + 53 
B6 86 32,036 + 2491 6 1022+280 27,569 + 2032 7 1226 + 101 
B6 Bib 7546+44211 1565+8 28,493 + 4183 8 1877 + 250 
Bib Bib 10,252 + 3326 12 2176+ 84 29,360 + 4123 9 2991 + 173 
Bib B6 19,741+262413 1519+69 34,403 + 473110 5822 + 548 
Dll Dll 6509+57414 3654+67 9519 + 103115 842 + 114 
Dll 6R 1457+9816 307+23 3089+82717 1236 + 105 
6R 6R 494+38 344+93 5372+ 1554 1556 + 51 
6R Dll 3318 + 164 18 2777+99 7569+ 557 19 878 + 43 
Tab]e 4.3: 
c 2x 1 Q5 enriched CD4+ T cells from 14 day Kunjin-primed mice were co-cultured with macrophages (a) or B 
cells (b) at a 1: 1 ratio, in the presence of CVl cell lysates from VVTK- control or Kunjin-VV-infected cells at a 
1/4 dilution. 
2,3 & 4,5 Statistically significant (P<0.0025), 
6,7 Statistically significant (P<0.01 ), 
1,3; 8,9 & 9,10 Statistically insignificant (P>0.05), 
8, 10 Statistically insignificant (P>0.4 ), 
9,10 Statistically insignificant (P>0.05), 
12,7 Statistically significant (P<0.0005), 
13, 14 Statistically significant (P<0.05). 
* As for Table 4.2. 
Table 4.3 H-2k restricted in vitro proliferative responses of Kunjin-itnmune T cells to recombinant vacc1n1a 
virus -derived Kunjin antigens presented by macrophages and B cells c 
Kunjin APC 
immune 
CD 4+ T cells 
a, Macrophages as APC. 
BR BR 
BR CBA 
CBA CBA 
CBA BR 
b, B cells as APC. 
BR 
BR 
CBA 
CBA 
BR 
CBA 
CBA 
BR 
VKV 1024 
*264 + 40 
240 + 15 
267 + 20 
260 + 9 
*201 + 10 
189 + 7 
233 + 9 
205 + 14 
Responses to Kunjin antigens 
VKV 1023 
538 + 45 
551 + 29 
529 + 31 
828 + 52 
379 + 9 
509 + 55 
346 + 8 
409 + 14 
VKV 1022 VKV 1031 
1235 + 59 1 2699 + 259 2 
1925 + 264 4 4017 + 17 f 
1872 + 225 6 3732 + 22 12 
2381 + 63 8 3069 + 361 9 
1050 + 78 1140 + 127 
1128 + 96 2539 + 222 
1020 + 67 4795 + 309 
530 + 39 13 6532 + 613 
Responses to 
VVTK-
1009 + 98 3 
1014 + 58 5 
1118 + 45 7 
2403 + 46 10 
257 + 9 
342 + 27 
273 + 39 
409 + 30 14 
Table 4.4: 
c 2x 1 Q5 enriched CD4+ T cells from 14 day Kunjin -primed mice were co-cultured with rnacrophages (a) or B 
cells (b) at a 1: 1 ratio, in the presence of CV 1 cell lysates from VVTK- control or Kunjin-VV -infected cells at a 
1/4 dilution. 
1,2 Statistically significant (P<0.05), 
3,4 Statistically significant (P<0.0025), 
3,9 Statistically insignificant (P>0.15), 
5,6 Statistically significant (P<0.0025), 
7,10 & 12,14 Statistically insignificant (P>O.l), 
6,11 & 12,13 Statistically significant (P<0.0005). 
* As for Table 4.2. 
Table 4.4 H-2b restricted in vitro proliferative responses of Kunjin -immune T cells to recombinant vacc1n1a 
virus -derived Kunjin antigens presented by macrophages and B cells c 
Kunjin APC 
immune CD4+ 
T ce lls 
a, Macrophages as APC. 
B6 B6 
B6 Bib 
Bib Bib 
Bib B6 
b, B cell s as APC. 
B6 
B6 
Bib 
Bib 
B6 
Bib 
Bib 
B6 
VKV 1024 
*401 + 36 
473 + 74 
967 + 108 
2081 + 103 
* 1269 + 95 
1598 + 107 
1382 + 14012 
1153 + 124 
Reseonses to Kunjin antigens 
VKV 1023 
759 + 34 
1064 + 57 
645 + 11 
579 + 71 
927 + 22 
808 + 26 
791 + 33 
1104 + 184 
VKV 1022 VKV 1031 
2227 + 180 1 2905 + 175 2 
1999 + 225 3 5506 + 850 4 
2277 + 118 7 5709 + 510 
1852 + 20 5 2805 + 85 6 
21 18 + 6 579 + 114 
1716 + 70 1214 + 312 
2001 + 26 13 3929 + 109 
1674 + 315 1027 + 86 
Respon ses to 
VVTK-
532 + 23 8 
1708 + 33 9 
1901 + 20 10 
11 31 + 14 11 
350 + 21 
231 + 31 
1158 + 10114 
446 + 98 
'I'able 4.5: 
c 2x 1 Q5 enriched CD4+ T cells fro1n 14 day primed mice were co-cultured with macrophages (a) or B cells 
(b) at a 1: 1 ratio, in the presence of CV 1 cell lysates from VVTI(- control or Kunjin-V\' -infected cells at a 1 /4 
dilution. 
1,2; 1,3; 2,4; 2,6; 3,4 & 3,7 
5,6 
* 
Statistically significant (P<0.0005), 
Statistically significant (P<0.0125). 
As for Table 4.2. 
Table 4.5 H-2d restricted in vitro proliferative responses of Kunjin-immune T cells to recombinant vacc1n1a 
virus-derived Kunjin antigens presented by tnacrophages and B cells c 
Kunjin APC 
immune CD4+ 
T cells 
a, Macrophages as APC. 
D2 D2 
D2 B/c 
B/c B/c 
B/c D2 
b, B cells as APC. 
D2 
D2 
B/c 
B/c 
D2 
B/c 
B/c 
D2 
VKV 1024 
*241 + 18 
276 + 14 
379 + 68 
289 + 36 
*249 + 24 
252 + 44 
219 + 14 
220 + 11 
Reseonses to Kunjin antigens (c_Qm) 
VKV 1023 
717 + 40 
990 + 64 
812 + 57 
696 + 19 
570 + 31 
695 + 48 
638 + 22 
686 + 53 
VKV 1022 
1297 + 151 
1678 + 182 5 
1182 + 191 
1232 + 38 
1563 + 77 
1452 + 19 
1515 + 92 
1688 + 25 
VKV 1031 
996 + 65 1 
4545 + 113 2 
4796 + 370 3 
939 + 47 4 
656 + 17 
1208 + 34 
1414 + 33 
2715 + 103 
Responses to 
VVTK- (cpm) 
1263 + 103 
1095 + 58 6 
1401 + 370 7 
1295 + 96 
410 + 79 
441 + 52 
267 + 22 
345 + 35 
Table 4.6 Stimulation of anti-Iak T cells a by LM- or TH-
macrophages from BR or CBA mice. 
CBA Macrophages BR Macrophages 
S:R Listeria- Thioglycollate Lis teria - Thioglycollate 
ratiosb induced -induced9 induced -inducedc 
1 *41,355 ± 466 1 23,592 ± 757 3 31,278 ± 455 5 11,188 ± 567 7 
0.5 42,801 ± 2768 14,058 ± 1117 74,407 ± 1658 9443 ± 372 
0.25 67,436 ± 3778 27,017 ± 1349 92,491± 1051 16,998 ± 960 
0.125 67,090 ± 1647 2 43,426 ± 1888 4 78 ,520 ± 1960 6 46,377 ± 678 8 
a Responses of alloreactive (anti-Iak) T cells upon stimulation 
with allogeneic peritoneal macrophages from Listeria-and 
thioglycollate-induced CBA & B 1 O.BR mice. Macrophages were co-
cultured at different concentrations with 2x 1 Q5 alloreactive T cells 
generated in primary culture. 
b Stimulator to responder ratios. 
c Peritoneal exudate cells were harvested 3 days after 
intraperitoneal injection of mice with 3 ml of 10% thioglycollate 
broth. 
1,2; 3,4; 5,6 & 7,8 
* 
Statistically significant (P<0.0005). 
As for Table 4.2. 
The data are representative of one experiment. 
Table 4.7: Ability of Kunjin-VV recombinants to prime for secondary in vitro proliferative 
responses. 
Responder Responses to Kunjin antigens 
CD4+T 
cells a M+Ag M+Mo.Ag 
Vl(V 1022 *6320 + 190 1 3533 + 303 
VKV 1023 4797 + 623 2 2888 + 124 
VKV 1024 5544 + 443 3 3055 + 444 
VKV 1031 9003 + 159 4 3397 + 698 
VVTK- 1372 + 115 1647 + 13 1 
Kunjin - immune 7 6595 + 253 5 2249 + 2 7 8 
Naive 3494 + 141 6 2941 + 244 
a 2x 1 o5 CD4 + T cells from the naive or primed (Kunjin-VV recombinants or Kunjin -strain 
MRM 16) were co-cultured with 4xl o5 LM-macrophage APC in the presence of a 1/4 dilution of 
Vero cell-derived Kunjin antigen stock (M+Ag) or mock control (M+Mo.Ag). 
Stimulator to responder ratio = 0.25. 
4,5 & 5,6 Statistically significant (P<0.0005); 1,5 Statistically insignificant (P>0.2); 
2,5 Statistically significant (P< 0.025); 3,5 Statistically significant (P<0.05). 
7 CD4 + T cells from the mice primed with Kunjin-strain MRM 16. 
* As for Table 4.2. 
The data are representative of one experiment. 
CHAPTERS 
EFFECT OF HIGH LIGAND CONCENTRATION ON WEST NILE 
. 
VIRUS-SPECIFIC T CELL PROLIFERATION 
Introduction 
Activation of class II MHC-restricted CD4+ T cells requues 
recognition of antigenic peptides bound to class II molecules 
present on the surface of APC. In optimizing the numbers of APC 
reported in Chapter 2, 3 and 4, it was observed that high APC 
numbers and high WNV antigen concentrations suppressed CD4 + 
T cell proliferative responses. Using cloned T cells, Matis et al 
(1983) have demonstrated that the magnitude of antigen-
induced proliferation is a function of the product of antigen 
concentration and number of Ia molecules on APC. Based on 
these observations, the suppression of proliferation at high 
antigen concentration was thought to be due to excess number of 
TcR occupancy by macrophage-bound complex ligands. In the 
present experiments the relative contribution of WNV antigen 
concentration and MHC class II antigen availability to the 
suppression of T cell proliferation was investigated. 
Materials and Methods 
Mice: 
C57BL/6, BALB/b (H-2b), CBA/H (H-2k), B 10.AQR (Kq Jk Dd) and 
B 10. T( 6R) (Kq Jq Dd) strains of mice bred under specific 
pathogen-free conditions at the JCSMR were used at 8 to 10 
weeks of age. 
Virus: 
Mice were primed with 106 pfu of WNV as described 1n Chapter 
2. 
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Antibodies: 
As described in Chapter 2. Mon oclonal anti-1 -A.b,d,q (Ms/114.15, 
IgG2b) and anti-I-Ak (11.52.1 , IgG2b) antibodies were used as 
neat culture supernatant. WNV-specific IgG was purified from 
WNV-immune ascitic fluid, as described in Chapter 3. Hybridoma 
line secreting anti-Db antibodies (HB 36) was obtained from the 
American Type Culture Collection (Rockville, MD, USA). 
Vero-cell derived WNV antigen: 
As described in Chapter 2. This WNV antigen preparation was 
used at a 1/4 dilution in all the experiments unless otherwise 
s.ta ted. 
Antigen presenting cells: 
Four different types of APC used 1n the present study were: 1) 
Listeria-induced peritoneal macrophages (LM macrophages), 
obtained 3 days after intraperitoneal injection of live Listeria 
monocytogenes, 2) B++++ cells obtained from the mice hyper-
immunized with WNV, 3) B14 cells obtained from 14 day WNV-
primed mice, and, 4) Bo cells from naive mice (described in 
Chapter 3 ). 
B cells were irradiated with 1000 rads for use as APC. 
In experiments disigned to test the effect of sustained MHC class 
II expression on LM and TH macrophages, the putative levels of 
these antigens were maintained on the macrophage APC in vitro 
cultures (Beller and Unanue, 1981 ) as follo ws. LM or Th PEC 
were plated directly into 96 well round-bottomed tissue culture 
plates. Non-adherent cells were removed after 2 h incubation at 
3 70 C in a humidified atmosphere of 5o/o CO2 in air and remaining 
adherent cells were incubated with hkLM (106 bacteria per well ) 
in 100 µl DMEM supplemented with 1 % NMS. After I h, adherent 
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macrophage populations were vigorously washed three times 
with DMEM to remove hk.LM, before co-culturing them with 
responder T cells. In T cell proliferation assays, macrophage 
cultures used as APC were supplemented with 2x1Q-5 M of 
indon1ethacin (7 µg/ml of culture) unless otherwise stated. 
Generation of anti-Iak-specific T cells: 
A bulk culture of primary anti-Iak T cell s was prepared as 
described in Chapter 3. 
Preparation of Fab fragments from class II antibodies: 
Proteolysis of anti-Jab and anti-Iak (IgG2b) antibodies with the 
enzyme papa1n (Sigma, St. Louis, MO, USA) and the subsequent 
purification of monovalent Fab fragments and Fe fragments, using 
protein A Sepharose, was done as described by Mage (1980). 
Proliferation assay: 
Proliferative responses of immune CD4+ T cells to WNV antigens 
were tested using modified assay as described in Chapter 2. 
Statistical analysis: 
As for Chapter 2. 
Results 
The influence of APC numbers on the proliferation of 
WNV-specific CD4+ T cells: 
B6 and B/b macrophages, pulsed with WNV antigens, were used 
as APC for B6 WNV-immune CD4+ T cells at 5 different S:R ratios 
of 1.0 down to 0.031 in 2-fold steps. With B6 APC, T cell 
proliferation was maximal at S:R ratios of 0.25 to 0.125 and 
declined progressively both above and below the optimal 
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S:R ratios (Table 5.1 ). With B/b APC, strong proliferation 
occurred over a broad range of S:R ratio from 0.5 to 0.062, but at 
both ends of the range ( 1.0 and 0.031 ) there were precipitous 
falls 1n response. While responses · -t_o W V antigen were well 
above mock antigen controls throughout the range of S :R ratios 
tested, the difference in antigen-induced responses between the 
worst and best ratios varied almost 6-fold with B6 APC and 
almost 10-fold with B/b APC. 
B cells obtained from three differen t sources were 
evaluated for their APC function for the stimulation of WNV-
immune CD4 + T cells at 4 different S :R ratios ranging from 2.0 to 
0.25 in 2-fold steps. In order to overcome the problem of 
suppression of T cell proliferation at a 1/4 dilution of WNV 
antigen (Chapter 3, Fig. 3.1), more dilute (1/16) WNV antigen was 
used to pulse these APC. The responses induced by Bo cells 
increased with increasing numbers of Bo cells used (Table 5.2). 
No suppression was observed at high S:R ratios. In contrast, B14 
and B++++ cells showed an inverse dose response with 
suppression of T cell proliferation at higher B cell numbers. This 
suppression was most pronounced with B++++ APC at a S:R ratio of 
2. These results suggest - "- 1::z. -- ~ -~ - ,. that hyper-optimal 
concentrations of ligand displayed by antigen- specific B cells 
within the B14 and B++++ cell populations caused the suppression 
of T cell proliferation at high S :R ratios. This consideration is 
based on the fact that uptake of an antigen via sig on B cells 
results in the intracellular accumulation of high concentrations of 
potential epitope-carrying fragmen ts (Howard , 1985). 
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These data confirm earlier findings (Chapters 2 and 4) that 
high numbers of APC adversely affected WNV-specific T cell 
proliferation. 
Effect of sustained MHC class II expression on LM 
1nacrophages upon their capacity to stimulate an d 
suppress alloreactive T cell proliferation: 
To further investigate whether the inhibition of T cell 
proliferation was due to supra-optimal concentrations of ligand 
expressed by APC, the putative high levels of MHC class II 
antigens on LM macrophage APC were maintained by giving a 
phagocytic stimulus in the form of hkLM for 1 h, before the 
addition of immune T cells (Beller and Unanue, 1981 ). TH 
macrophages, which do not express high levels of Ia antigens , 
were used as a control for Ia+ LM macrophages. The responses of 
alloreactive, Iak-specific T cells to these macrophage APC at 
various S :R ratios are shown in Table 5 .3. 
LM, LM plus hkLM and TH plus hkLM macrophages all showed 
inverse dose responses with the highest T cell proliferation 
occurnng at a S :R ratio of 0.25 and profound suppression of 
responses at a S:R ratios of 1 and/or 2. In contrast, TH 
macrophages showed a direct dose response, with increasing T 
cell proliferation as APC numbers increased. These results are 
consistent with the idea that high ligand (class II MHC) 
expression on APC surfaces stimulates CD4+ T cell proliferation at 
optimal APC numbers, but causes suppression at supra-optimal 
APC numbers. 
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The effect of indomethacin on the suppression of anti-
WNV T cell proliferation caused by macrophage APC: 
Although the macrophage cultures were routinely supplemented 
with indomethacin at a concentration of 7 µg/ml (Mizel, 1981 ), 
which has been shown to inhibit synthesis of PG (Vane, 1971 ), it 
could be argued that at high S :R ratios, the levels of added 
indomethacin .1n,5ht be inadequate to prevent formation of PG qn d 
-1k~~re result. in the suppression of T cell proliferation. Therefore, 
cultures in which anti-WNV T cells were suppressed by LM 
macrophage APC at a S:R ratio of 1 were supplemen ted with 
varying concentrations of indomethacin ranging from 7 to 28 
µg/ml. Data presented in Table 5.4 indicate that addition of 
indomethacin at a concentrations up to 28 µ g/ml did not 
completely remove the suppression, suggesting that it was not 
mediated by PG. 
Effect of varying WNV-antigen concentration on the 
optimal and suppressive responses induced by APC: 
In order to examine the contribution of WNV antigen 
concentration to suppression, WNV -specific T cell responses were 
measured over a range of WNV antigen dilutions . LM 
macrophages and B 14 cells were used as APC at 2 different S :R 
ratios. With LM macrophage APC at a S :R ratio of 1, an inverse 
WNV-antigen dose response was seen (Table 5 .5), i.e., 
progressively decreasing T cell proliferation as WNV antigen 
concentration was increased. This could be not be attributed to 
some simple non-specific adverse effect of the WNV antigen 
preparation, because with LM macrophage APC at a S:R ratio of 
0.25 a direct antigen dose response was obtained· .. ere was 
progressively increasing T cell proliferation as WNV antigen 
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concentration was increased. With the B 14 cell population used 1n 
this experiment, only direct antigen dose responses occurred at 
S:R ratios of 0.25 and 2, the only hint of suppression being seen 
at a 1/4 dilution of WNV antigen at a S :R ratio of 2. These data 
are consistent with the idea that high ligand ( class II MHC 
complexed with WNV peptides) concentrations were responsible 
for suppression of anti-WNV CD4+ T cell proliferation. 
Specificity of the suppressive effects of APC on WNV -
specific T cell proliferation: 
To examine the specificity of this suppression by APC, the effect 
of adding WNV-specific IgG antibodies on the antigen-presenting 
function of B++++ cells was tested. In this experiment, using a S :R 
ratio of 2, cultures were supplemented with varying 
concentrations of anti-WNV IgG antibodies, the objective being to 
reduce uptake of WNV antigens via slg on WNV -specific B cells 
(see Chapter 3). A marked improvement in the proliferative 
responses, which were even higher than those obtained at the 
optimum S:R ratio of 0.25, was seen following the addition of 
these antibodies at 2 and 4 mg/ml (Table 5.6). However, the 
apparent reversal of suppression also occurred in the presence of 
anti-influenza antibodies present at 1 mg/ml, suggesting the 
possibility that non-specific binding of IgG to either the B cell 
APC or T cells might counter putative high ligand-induced 
suppression. 
The specificity of suppression was also investigated using 
anti-class II MHC antibodies. The responses of WNV-immune T 
cells from C57BL/6 mice to WNV antigens were investigated, 
using B++++ cells as APC, in the presence of varying dilutions of 
anti-lab (lgG2b) and anti-Iak (class matched, IgG2b) antibodies. 
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In this approach, the objective was to block access of T cell 
receptors to class II MHC-WNV peptide complexes on APC 
surfaces. Addition of anti-lab antibodies at dilutions of 1/200, 
resulted in over 3-fold improvement in responses (Table '). 7). 
"'(esu lted \ n O 3~ ~q_te~ -+ha f) 
Although anti-Iak antibodies (1/200) . 2-fold 
improvement in response, it was significantly lower than those 
obtained with anti-lab antibodies used at a similar dilution. The 
use of all dilutions of both antibodies gave some improvement in 
responses, perhaps for non-specific reasons as suggested above. 
In a similar experiment using macrophage APC fron1 
C57BL/6 mice, the addition of anti-lab antibodies at a dilution of 
1/1500 resulted in a significant increase in T cell in response, 1n 
cultures with a S :R ratio of 2 (Table 5. 8). An ti-Ia b at 1 /30 
"blocked" T cell response significantly. There was no 
improvement in the T cell responses in the presence of anti-Db 
antibodies. 
The possibility that non-specific improvement in C57BL/6 T 
cell responses in presence of anti-Iak antibodies (Table 5.7) was 
due to steric hindrance of T cell-APC interaction caused by IgG 
bound to the interacting cells via the Fe portion of the molecule 
was tested. Responder T cells were co-cultured with LM-
macrophages at a S:R ratio of 1 in presence of WNV antigen, Fab 
fragments derived from anti-lab and anti-Iak antibodies and Fe 
fragments. As shown in Table 5.9, addition of Jab-specific Fab at 
a final concentration of 1 µg/ml showed a significant 
improvement in the responses , comparable with those obtained 
at a S:R ratio of 0.5, whereas Iak-specific Fab and Fe fragments 
had no effect. 
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Discussion 
In Chapters 2, 3 and 4 it was demonstrated that the 
presence of large numbers of APC (2x 1 os per well) such as B 14 , 
B ++++ and LM macrophages caused a decrease in the prolif era ti on 
of WNV-specific T cells. In the light of a similar observation that 
high numbers of SDC caused low Tc cell responses in 5 day MLR 
cultures (Pereira, 1986), this phenomenon of high APC number-
induced suppression of T cell proliferation was investigated in 
studies reported in this Chapter. 
At the outset it seemed possible that the suppression 
mediated by high numbers of macrophages could have been due 
to PG released by activated macrophages. The results described 
In Table 5 .4, indicate that even after supplementing the cultures 
with indomethacin at 4 times the usual concentration required 
for inhibiting the synthesis of PG (Mizel, 1981 ), no major 
improvement in the responses was observed. Therefore, it IS 
unlikely that the suppression observed is mediated by PG. In 
addition, suppression was also observed with B cells which are 
not known to produce PG. Furthermore, the observations that, 1) 
TH macrophages induced maximum proliferative responses from 
alloreacti ve, Jak-specific T cells at high S :R ratio (Table 5 .3 ), 2) a 
progressive increase in the responses of WNV-specific T cells 
occurred in the presence of high macrophage numbers and 
decreasing WNV antigen concentrations (Table 5 .5), and, 3) 
improvement in the responses of WNV-specific, H-2b-restricted T 
cell responses occurred in the presence of high numbers of LM 
macrophage or B++++ cell APC and appropriate dilutions of anti-
Jab antibodies (Tables 5.7 and 5.8); argue against the possibility 
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eJ that metabolically active LM macrophages ( or B++++ cells) caus_ 
the exhaustion of nutrients from the culture medium. 
Finally, since the assays were performed using CD4 + enriched T 
cell populations (i.e. depleted of CD8+ T cells) it is unlikely that 
CD 8+ suppressor T cell activity could account for this 
phenomenon. 
In light of the fact that the ligand recognized by T cells is a 
complex of an antigenic peptide bound to MHC, it was speculated 
that at high S :R ratios , the concentration of ligand may adversely 
affect T cell responses. Therefore, to test the above prediction, 
both components of the ligand were experimentally varied, viz. a) 
MHC class II concentration, and, b) nominal antigen (WNV 
antigen). 
Firstly, the responses of MHC class II-specific (Iak) 
alloreactive T cells recognizing class II MHC antigens on LM and 
TH macrophages was studied. The levels of MHC antigens, which 
generally decay in vitro (Beller and Unanue, 1981 ) were 
maintained ( or possibly up-regulated) by giving a phagocytic 
stimulus in the form of hkLM (Beller and Unanue, 1981 ). 
Enhanced suppression of Iak-specific T cell proliferation observed 
in the presence of LM + hkLM at a S :R ratio of 1, together with 
the observation that TH + hkLM also showed inverse dose 
responses comparable with those obtained with LM or LM + 
hkLM APC, clearly indicated that increased levels of MHC class II 
antigens increased suppression. The apparent reason for TH 
j n dU C'rf)) 
macrophages , I. _ direct dose responses is that low levels of 
Ia antigens on these macrophages (Beller et al., 1980) are 
insufficient to cause suppression of T cell proliferation. However, 
in the presence of a phagocytic stimulus with hkLM there could 
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be up-regulation of the level s of MHC class II antigens, which 
resulted in the suppression of T cell proliferation observed. 
Consistent with these results are the findin gs reported earlier 1n 
Chapter 4 (Table 4.6), that the responses of alloreactive, Iak-
specific T cells to both LM and TH macrophages from CBA and 
B 1 O.BR mice showed an inverse dose response~ although the 
magnitude of response with the latter APC type was lower. 
Conversely, the MHC concentration on the APC was reduced 
by introducing anti-lab antibodies into C57BL/6 (H-2b) cell 
cultures. Data in Tables 5.7 and 5.8 shows that the addition of 
specific anti-Ia antibodies effectively reversed the suppression of 
WNV-specific CD4+ T cell proliferation. These results also suggest 
that one of the reasons for the suppression of T cell proliferation 
was high levels of MHC antigens expressed on APC. A non-
~' i ~ Vlccb" <- 1 GeJ 1 
specific improvement in the,( responses in presence of anti -Iak 
antibodies was possibly due to binding of these antibodies to FcRs 
present on B cells (Basten et al., 1972) and/or activated T cells 
(Andersson et al., 1981 ). Steric hindrance might have reduced 
the contact of TcR with the available ligand on APC, thereby 
reducing the amount of TcR-ligand interaction normally 
occurnng. The use of anti-lab Fab fragments significantly 
reversed the suppression of T cell proliferation , whereas Fab of 
anti-Iak had no effect, reinforcing the possibili ty that FcR binding 
of anti-Iak antibodies might have caused the previous non-
specific improvement in the responses. It may be that steric 
hindrance caused by FcR-mediated binding of anti-Ia antibodies 
to APC and/or T cells was abolished when the monovalent Ia-
specific Fab fragments were used. Small-sized Fe fragments on 
their own may not sterically hinder TcR-APC interaction despite 
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binding to FcRs on APC and/or T cells. In sum, these experiments 
indicate that high levels of MHC class II antigens were one of the 
contributing factors for the suppression of T cell proliferation 
observed at high APC numbers. 
The effect of nominal antigen (WNV antigen) on high APC-
induced T cell suppression was also investigated using two 
experimental approaches. Initially, WNV-specific T cell 
proliferation induced by high (supraoptimal) APC numbers (LM 
macrophages and B 14 cells) in the presence of varying 
concentration of WNV antigen w os evaluated. When the ligand 
concentration was maximum (at the lowest dilution of WNV 
antigen), proliferative responses were suppressed. However, as 
the concentration WNV antigen was progressively reduced, the T 
cell responses increased. Interestingly, the situation was quite 
different when the responses of T cells at lower ( optimal) APC 
numbers were measured. Maximum T cell responses now 
occurred at the highest WNV antigen concentration (1/4 dilution) 
and reduction in the WNV antigen concentration resulted in sub-
optimal responses. 
The contribution of nominal antigen was also studied by 
using B++++ cells as APC. In Chapter 3, it was shown that slg-
mediated uptake of antigen is probably the major mechanism for 
antigen-uptake by these cells, as their APC function was inhibited 
by WNV-specific IgG antibodies. The possibility that high B++++ 
cell numbers causing the suppression of T cell proliferation was 
due to rapid uptake of antigens via slg and concomitant 
expression of high ligand concentration was investigated. By 
adding anti-WNV antibodies, the antigen uptake via slg was 
presumably reduced, resulting in a significant improvement in 
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the responses. However, increased responses were also detected 
when anti-inflenza IgG antibodies were used, raising the 
possibility of a non-specific effect of these antibodies dependent 
upon FcR binding as discussed above. 
Taken together, the above findings support the notion that 
the concentrations of both MHC and the nominal antigen 
contribute toward the suppression of T cell proliferation 
observed at high APC numbers. A possible theoretical 
implication of this phenomenon to T cell tolerance will be 
discussed in Chapter 6. A practical consideration of this effect IS 
that for in vitro analysis of T cell responses, it is imperative to 
optimize the variables that determine the ligand concentration, 
which may otherwise obscure the evaluation of antigen-specific 
responses. 
Summary 
In this Chapter, the capacity of large numbers of macrophage and 
hyper-immune B cell APC to suppress the proliferative T cell 
responses was investigated. It was observed that this 
suppression was not mediated by PG, as the use of indomethacin 
in cultures at 4 times the usual concentration did not reverse the 
suppression. This suppression was not due to the exhaustion of 
nutrients from the culture medium. Experiments were designed 
to evaluate the contribution of MHC and the nominal antigen In 
causing the suppression of T cell proliferation. LM and TH 
macrophages when incubated with hkLM in vitro to increase or 
maintain high MHC class . II levels before the addition of 
alloreactive, Iak-specific T cells, showed inverse dose responses 
122 
with the highest T cell proliferation occurrin g at a S :R ratio of 
0.25 and profound suppression at a S :R ratio of 1 or 2. However, 
TH macrophages alone which express low MHC class II levels, 
showed a direct dose response with increasing T cell proliferation 
as APC numbers increased. Addition of anti -Ia antibodies (or 
. ,. e:;u.Jt-~d ·, f"") 
their Fab fragments) in the cultures at high APC numbers ~ 
a significant improvement in the proliferative responses, 
indicating that high levels of Jv1HC class II antigens contributed to 
suppression of T cell proliferation. 
Similarly, the reversal of suppression of anti-WNV T cells 
caused by high numbers of LM macrophage and B 14 cell APC was 
achieved by reducing the concentration of WNV antigen. 
The observations support the notion that the suppression of 
T cell proliferation observed at high S:R ratios was due to supra-
optimal concentrations of ligand on APC. 
Table 5 .1 : Influence of macrophage 1 APC number on the 
proliferative responses of WNV-immune T cells. 
Responder Macrophage S:R Responses of immune T cells 
CD4+ T cells APC ratios2 (C£m) 
M+Ag M + Mo.Ag 
C57BL/6 C57BL/6 1.00 *7038 + 867 a 2662 + 56 
0.5 16,363 + 811 b 1830 + 249 
0.25 40,883 + 2297c 3942 + 409 
0.125 37,713 + 1190 1420 + 58 
0.062 26,443 + 1952e 1136 + 49 
0.031 17,408 + 452 f 768 + 30 
C57BL/6 BALB/b 1.00 11,077 + 674 g 2037 + 286 
0.5 38,863 + 286 h 4193 + 450 
0.25 35,911 + 309 i 5063 + 433 
0.125 47,886 + 4044 5144 + 112 
0.062 51 ,397 + 3629k 4020 + 175 
0.031 5302 + 416 3575 + 42 
1 LM macrophages from C57BL/6 and BALB/b mice were co-
cultured at different concentrations with 2x 1 os enriched CD4 + T 
cells from 14-day WNV-primed C57BL/6 mice in the presence of a 
1/4 dilution of WNV-antigen stock (M + Ag) or mock control (M + 
Mo.Ag). 
2 
a,c; b,c;c,f & g,k 
h,k & i,k 
c,e 
Stimulator to responder ratios. 
Statistically significant (P<0.0005) 
Statistically significant (P<0.0025) 
Statistically significant (P<0.005) 
* Mean 3H-TdR uptake by at least triplicate cultures + S.E.M. 
The data are representative of one experiment. 
Table 5 .2 : Responses of WNV -immune T cells a to the varying 
numbers of B cell APC, pulsed with WNV-antigen. 
B cell 
APC 
c Bo 
CB++++ 
S:R ratiosb 
2 
1 
0.5 
0.25 
2 
1 
0.5 
0.25 
2 
1 
0.5 
0.25 
Responses of immune 
B +Ag 
*8322 + 6161 
7792 + 689 
4791 + 539 
2300 + 3412 
2932 + 1763 
4491 + 353 
5773 + 790 
6157 + 584 
1170 + 665 
5135 + 569 
4997 + 502 
6897 + 9736 
CD4 + T cells ( c12m) 
B + Mo.Ag 
283 + 79 
351 + 46 
169 + 32 
136 + 23 
125 + 12 
253 + 46 
180 + 44 
137 + 10 
64 + 4 
90 + 4 
155 + 17 
198 + 8 
a 2x 1 os CD4 + T cells from 14-day WNV -primed mice were co-
cultured with 2xI05 irradiated B cells in the presence of a 1/16 
dilution of WNV antigen stock (B + Ag) or mock control (B + Mo.Ag). 
b As for Table 5.1. 
c Bo, B 14 & B++++ ---B cells from naive, 14-day-WNV -primed, 
and from the mice receiving weekly injections of WNV over a 
period of four weeks respectively. 
1.5 & 3,5 Statistically significant (P<0.0005); 
1,2; 1.3; 2,4; 3.4 & 5.6 Statistically significant (P<0.0025); 
2.6 Statistically significant (P<0.01 ); 
4. 6 Statistically insignificant (P>0.25) 
* As for Table 5.1 
The data are representative of one experiment. 
Table 5.3 Stimulation of anti-Iak T cells by LM- and TH-
macrophagesa from CBA (H-2k) mice. 
S:R LM- TH- LM- TH-
ratios b macrophages macrophages macrophages macrophages 
+ hkLM + hk:LM 
2 ND 12,986 ± 12033 ND 7099 ± 637 
1 *11,542 ± 20481 3715 ± 1313 2203 ± 3435 8007 ± 1723 
0.5 49,400 ± 4291 1650 ± 212 37,604 ± 3244 26,347 ± 1934 
. 0.25 50,399 ± 75322 2042 ± 2144 119,890 ± 46166 52,802 ± 14788 
a LM and TH macrophages were cultured at different 
concentrations with or without heat-killed Listeria (hkLM, 106 
bacteria) for 1 h before the addition of alloreactive (anti-Iak) T cells 
(2x 1 Q5), generated in primary cultures. 
b As for Table 5.1. 
ND Not 
1,2 & 3,7 
3,4 
done. 
S tati s ti call y 
Statistically 
significant 
significant 
4,8; 5,6 & 7,8 Statistically significant 
* As for Table 5.1. 
(P<0.005) 
(P<0.0025) 
(P<0.0005) 
The data are representative of one of the two experiments 
performed. 
Table 5 .4 : An investigation of the capacity of indomethacin to 
reverse the suppressive effect of LM macrophages on WNV-specific 
T cell proliferative responses a. 
S:R 
ratios b 
1 
0.5 
0.25 
0.125 
1 
1 
1 
1 
Res2onses of CD4 +T cells 
M+Ag 
*5400 + 415 
10,244 + 803 
25,272 + 1920 
31,893 + 35533 
5875 + 1801 
6070 + 439 
6739 + 493 
6984 + 3882 
M + Mo.Ag 
297 + 21 
292 + 18 
848 + 91 
465 + 23 
399 + 33 
393 + 24 
498 + 66 
297 + 16 
Concentration 
indomethacin 
7 
7 
7 
7 
7 
14 
2 1 
28 
of added 
µg/ml 
a Data from the upper panel shows a typical effect of high APC 
numbers on the proliferative responses of 2xl05 WNV-specific CD4+ 
T cells in the presence of a 1/4 dilution of WNV antigen stock (M + 
Ag) or mock control (M + Mo.Ag) & 7µg/ml of indomethacin. Data 
from the lower panel shows the effect of added indomethacin on 
WNV -specific T cell prolif era ti on at a S :R ratio of 1. 
b As for Table 5 .1. 
1, 2, Statistically significant (P< 0.0125). 
2,3 Statistically significant (P< 0.0005). 
* As for Table 5.1. 
The data are representative of one experiment. 
Table 5.5 Effect of varying antigen concentration on the antigen-presenting function of n1acrophages & B cellsa 
Dilution 
of 
an ti gen 
1/4 
1/8 
1 I 1 6 
1/32 
1 /64 
1/ 12 8 
Macrophage APC 
stimulator to resgonder ratios 
1 0.25 
M+Ag M + Mo.Ag M+Ag M + Mo.Ag 
* 754 ± 40 
1187 ± 158 
1170 ± 110 
1766 ± 79 
2545 ± 84 
2736 ± 174 
1480 ± 118 
1519 ± 132 
470 ± 46 
196 ± 35 
171 ± 22 
154 ± 7 
5245 ± 548 
5062 ± 296 
4061 ± 226 
4106 ± 470 
3563 ± 315 
1942 ± 174 
141 ± 23 
114 ± 4 
173 ± 10 
186 ± 48 
574 ± 3 
400 ± 5 
B14 APC 
stimulator to res:gonder ratios 
B +Ag 
5288 ± 3551 
6780 ± 2062 
5355 ± 210 
5403 ± 360 
3946 ± 104 
2292 ± 164 
2 
B + Mo.Ag 
1335 ± 138 
1863 ± 174 
803 ± 94 
1724 ± 82 
1234 ± 34 
526 ± 40 
0.25 
B + Ag 
5269 ± 648 
3954 ± 403 
3687 ± 549 
2436 ± 290 
1156 ± 87 
1182 ± 103 
B + Mo.Ag 
1233 ± 117 
1141 ± 254 
724 ± 36 
311 ± 7 
782 ± 63 
357 ± 32 
a 2x 105 enriched CD4+ T cells from 14-day-WNV-primed mice were co-cultured with LM-macrophages or 
14-day-WNV-primed B cells at the indicated ratios, in the presence of varying dilutions of WNV antigen stock 
(M + Ag or B + Ag) or rnock control (M + Mo.Ag or B + Mo.Ag). B cells were irradiated with 1000 rads prior to 
use as APC. 
1,2 Statistically significant (P<0.0125). 
* As for Table 5.1 
Table 5.6 Effect of anti-WNV antibodies on hyper-immune B cell-
induced suppres sion of T cell proliferation a. 
S:R B++++ + Ao Concentration of added 
b b ratios an ti bodies- -mg/ml 
2 *3,880 + 159 1 0 
1 13,567 + 1481 
0.5 14,887 + 2125 
0.25 24,928 + 16172 
0.125 15,952 + 2417 
Effect of added Effect of added 
anti-WNV IgG anti-influenza IgG 
2 14,343 + 16333 30,181 + 14325 1 
2 32,508 + 2306 ND 2 
2 38,776 + 35594 ND 4 
2 6,525 + 1446 5,569 + 752 6 
2 8,840 + 1130 ND 8 
a Data from the upper panel shows a typical effect of high APC 
(B ++++) numbers on the proliferative responses of 2xl 05 WNV-
specific CD4 + T cells in the presence of a 1/8 dilution of WNV 
antigen stock (B++++ + Ag). Data from the lower panel shows the 
effect of added IgG antibodies against WNV and influenza on the T 
cell proliferation induced by B++++ cells at a S:R ratio of 2. 
Antibodies were added at the initiation of cultures in 20 µl aliquots. 
B ++++ cells were obtained from mice receiving weekly injections of 
WNV over a period of four weeks. 
b As for Table 5.1. 
1,3 Statistically significant (P<0.0025 ), 
2,4 Statitically significant (P<O.O 1 ), 
4,5 Statistically insignificant (P>0.1) 
ND Not done. 
* As for Table 5.1. 
Table 5.7 Reversal of B-cell-induced high-ligand suppression of T cell proliferation by anti-class II 
antibodies 1. 
Responses in the presence of Responses in the presence of 
anti-I ab antibodies an ti-Iak antibodies 
Antibody dilutions 
B++++ + Ag B++++ + Mo.Ag B++++ + Ag B++++ + Mo.Ag 
No an ti bodies * 5371 + 156 a 978 + 149 
1 /200 18,537 + 1721 b 1027 + 85 11,388 + 2757 d 1188 + 145 
1/1000 10,891 + 1249 C 1682 + 99 7400 + 1027 e 1064 + 93 
1/5000 7430 + 15 9 1434 + 66 7652 + 113 1032 + 77 
1/15,000 10,638 + 2059 1232 + 77 9508 + 415 1062 + 48 
1 Irradiated-hyper-immune B cells from C57BL/6 mice were co-cultured with WNV-imm une CD4+ T celJs at 
a S:R ratio of 2, in the presence of varying dilutions of anti -lab (lgG2b) or anti-Jak (lgG2b) 1nonoclonal 
antibodies made from hybridoma cell supernatant stock and WNV antigen stock (B++++ + Ag) or mock control 
(B+++++ Mo.Ag) at a 1/4 dilution. 
b,d & c,e Statistically significant (P<0.05); 
a, b Statistically significant (P<0.0025); a,d Statistically significant (P<0.05). 
* As for Table 5.1. 
The data are representative of one of the two experiments performed. 
Table 5.8 Reversal of LM-macrophage-induced suppression of T 
S:R 
ratios 2 
2 
1 
0.5 
0.25 
2 
2 
2 
') 
.., 
cell proliferation by anti-class II antibodies.I 
M+Ag 
* 13,504 + 161 a 
11,958 + 944 
14,906 + 1371 
34,807 + 692 b 
Anti-lab 
antibodies 
M+Ag 
3,634 + 161 k 
12,611 + 749 C 
15,933 + 818 d 
27,017 + 814e 
Anti-Db 
antibodies 
M+Ag 
ND 
7,830 + 355f 
10,459 + 1178g 
11,851 + 1211h 
Dilution of anti-Iab/Db 
antibodies. 
No antibodies 
1/30 
1/150 
1/300 
1/1500 
1 Data from the upper panel shows a typical effect of high APC 
(macrophage) numbers on WNV -specific proliferation of immune 
CD4+ T cells in the presence of a 1/4 dilution of WNV antigen stock 
(M + Ag). Data from the lower panel shows the effect of varying 
dilutions of specific (anti-lab, IgG2b) & non-specific (control, anti-
Db, IgM) MAbs on the T cell proliferation induced by LM-
macrophages at a S:R ratio of 2. Responses to mock antigens ranged 
from 379 + 92 to 1483 + 108 (cpm + S.E.M .) 
2 As for Table 5 .1. 
b,e & c,f 
d ,g 
Statistically significant 
Statistically significant 
a,e, a,k & e,h Statistically significant 
* As for Table 5.1.; ND Not done. 
(P< 0.0025) 
(P< 0.01) 
(P< 0.0005) 
The data are representative of one of the two experiments 
performed. 
Table 5 .9 : Reversal of LM-macrophage-induced suppression of T 
cell proliferation by Fab fragments of anti-class II antibodies 1. 
S:R ratios 2 Concentration M+Ag of Fab/Fc 
proteins 
µg/ml 
1 *5,206 ± 188 a 0 
0.5 10,596 ± 348 b 
0.25 20,432 ± 1333 
0.125 36,089 ± 2362 
Fab Ib Fab Ik Fe 
M+Ag 1V1 + Ag M+Ag 
1 6,268 ± 158 6,868 ± 561 4,977 ± 317 0.5 
1 12,384 ± 179 C 5,091 ± 203 d 4,633 ± 251 e 1.00 
1 Data from the upper panel shows a typical ef feet of high APC 
numbers (macrophages) on WNV-specific T cell proliferation in the 
presence of a 1/4 dilution of WNV antigen stock (M + Ag). Data 
from the lower panel shows the effect of added Iab-& Iak-specific 
Fab & Fe proteins on the T cell proliferation induced by LM-
macrophages at a S :R ratio of 1. 
2 As for Table 5.1. 
a,c Statistically significant (P<0.05), 
b ,c Statistically insignificant (P>0.2), 
c,d Statistically significant (P<0.0025), 
c,e Statistically significant (P<0.005). 
* As for Table 5.1. 
The data are representative of one of the t\vo experiments 
performed. 
CHAPTER 6 
GENERAL DISCUSSION 
The immune system has evolved to provide an organism 
with mechanisms to combat pathogens and to maintain self-
tolerance. Since the seminal observations that T cells recognize 
both native and denatured antigens (Gell and Benacerraf, 1959) 
and that APC are necessary for T cells to recognize antigens 
(Mosier, 1967) the phenomenon of antigen presentation has 
gradually become better understood. In the last two decades, 
considerable progress has been made 1n elucidating the 
mechanism(s) by which T cells recognize antigens. Work during 
the early 1970's established the importance of T cells in 
recovery from primary infections by viruses and other 
intracellular organisms (Blanden, 1974 ). The discovery of MHC-
restriction further clarified the mechanisms by which T cells 
recognize foreign antigens (Zinkernagel and Doherty, 197 4; 
Blanden et al., 1975). The work of Ziegler and Unanue (1981) 
revealed that T cells recognize a processed form of antigen rather 
than the antigen per se and that APC fulfil the requirement of 
antigen processing and presentation in association with MHC 
molecules. 
The concept of MHC-linked Ir genes further helped to 
explain the genetic basis of responsiveness ( or non-
responsiveness, Katz et al., 1975; Benacerraf, 1978). Polymorphic 
residues from the peptide binding site of MHC molecules 
influence both the selection of appropriate peptides from 
processed antigens and MHC-dependent tolerance to self antigens 
during the generation of the T cell repertoire (Babbitt et al., 1985; 
Kappler et al., 1987 a,b ). Two distinct antigen processing and 
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presentation pathways have been defined. Exogenously derived 
antigens are generally presented to class II-restricted T cells, 
whereas endogenously synthesized antigens are presented by 
class I-restricted T cells (Morrison et al., 1986; Germain, 1986). 
Although the molecular mechanisms in the latter pathway are 
not fully understood, the finding that viral antigens need not be 
expressed on infected cell surfaces for Tc cell recognition gave 
fundamental insight into the nature of antigens recognized by Tc 
and Th cells (Townsend, 1988 a,b). 
The crystallographic investigation of the structure of HLA-A2 
molecules, showing a membrane-distal elongated cleft, the sides 
formed by two a helices and the bottom formed by a ~ pleated 
sheet as a probable binding site for processed antigens, 
constituted a structural confirmation of previous functional data 
(Bjorkman et al., 1987 b). 
An understanding of T cell responses to viral antigens 
should provide insights into potential problems with purified 
protein vaccines in human populations. This thesis concerns the 
identification of flavivirus antigens by MHC class II-restricted 
CD4 + T cells. The relative efficacy of different APC populations 
such as peritoneal exudate macrophages, B cells and SDC in 
presenting WNV antigens was compared. The influence of Ir 
genes and background genes on WNV-and Kunjin-specific T cell 
responses was determined. The nature of Kunjin proteins which 
are a source of epitopes for CD4 + T cells were partly defined by a 
panel of recombinant vaccinia viruses encoding various Kunjin 
polypeptides. Finally, the effects of high APC number-induced 
suppression of T cell proliferation observed during the course of 
these investigations were evaluated. In this Chapter the findings 
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of key experiments reported in this thesis together with the 
general ideas and concepts that have emerged from the work are 
discussed. 
As a result of MHC-restricted antigen presentation only a 
particular set of antigen-specific T lymphocyte clones are 
activated and expanded by proliferation. However, in vitro 
analysis of antigen-induced T cell activation is affected by 
several key variables. These include the frequency and 
heterogeneity of responding T cell clones, the responses of 
bystander populations to the products of activated cells , the type 
and number of APC used and the nature and concentration of 
antigen used. Although the use of antigen-specific , cloned T cell 
populations is useful for investigations of fine antigen-specificity, 
the differentiated properties of such clones may not permit 
extrapolation to the responses of polyclonal populations and 
many clones would be needed to fully elucidate the spectrum of 
epitopes involved in the polyclonal responses of the animal. To 
avoid these problems, the variables pertinent to in vitro WNV-
-....A "'( ·, 0 \.A~ 
specific CD4 + T cell responses against,(_ \VNV antigen were 
established in Chapter 2. Of the various kinds of antigen 
preparations tested for pulsing APC, lysates prepared from WNV-
infected Vero cells induced the best responses from immune CD4+ 
T cells. A modified T cell proliferation assay using NMS was 
developed to reduce the levels of background proliferation 
occurring mainly due to media containing FCS. This assay 
involved initial APC and T cell culturing in the presence of WNV 
antigen and NMS for 3 days, followed by a further 2 days culture 
in the media containing EL-4 supernatant as an exogenous source 
of IL-2 and a variety of other T cell growth-promoting factors. 
...... 
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Modification of ;,T cell proliferation assay led to a substantial 
reduction in background proliferation. 
Antigen-presenting cells provide a ligand for T cells in the 
form of a processed antigenic peptide complexed with a !YIHC 
molecule. The role of macrophages, B cells and DC as APC both in 
vivo and in vitro has now been well-established. These cells 
differ in their ability to take up, process and present soluble and 
particulate antigens. These APC also show qualitative and 
quantitative differences in the levels of expressed MHC class II 
antigens (Cullen, et al., 1981; N ussenzweig et al., 198 1 ). 
Therefore, it was predicted that these APC would differ in their 
ability to present flavivirus antigens. 
Macrophages express class II MHC antigens facu ltatively 
rather than constitutively. After expressing cell-surface Ia 
antigens, murine peritoneal macrophages became excellent APC 
as described in Chapter 3. The improvement in the efficiency of 
antigen presentation by macrophages in the presence of specific 
antibody in vitro indicates that in secondary responses in vivo, 
pre-existing antibodies may amplify immune reponses by 
exerting augmenting effects on CD4 + T cells and thus , indirectly, 
regulate their own synthesis (Cohen et al., 1973; Celis et al., 
1984). 
The requirement of lower WNV antigen concentrations for 
populations of B++++ cells than for Bo or B 14 cells to func tion 
optimally as APC and the inhibition of their antigen-presenting 
function by WNV-specific antibodies implied that antigen-specific 
B cells were the predominant APC in the B++++ cell population . On 
a cell population basis, LM macrophages were the most efficient 
APC when compared to B cells derived from naive or 14 day-
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WNV -primed mice and SDC. Therefore, LM macrophages were 
invariably used as APC for evaluating the responses of WNV or 
Kunjin-primed n1ice from MHC-disparate strains. Since 
macrophages and B cells differ in their APC function as described 
above, in certain experiments reported in Chapter 4, B 14 cells 
were also used as APC. 
Understanding the genetic basis of responsiveness should 
give insight into the potential problems involved in development 
of vaccines expressing several peptides, thus enabling rational 
development of multi-epitope vaccines, which should be capable 
of eliciting T cell responses in most individuals in outbred 
populations. Data presented on this question in Chapter 4 
revealed two interesting features. 
Firstly, the lysate preparations derived from CV 1 cells 
infected with Kunjin-VV recombinants, although containing 
several potential antigenic determinants, predominantly 
stimulated T cells recognizing epitopes derived from structural 
and membrane-associated non-structural protein and, to some 
extent, cytosolic non-structural protein (NS5). As discussed in 
Chapter 4, apparent bias of class II-restricted T cells for the 
recognition of structural and membrane-associated , non-
structural proteins can be explained on the basis of relative 
availability of different viral proteins for T cell recognition. 
Membrane-associated proteins follow a pathway through ER and 
Golgi, and the vesicles containing these proteins finally fuse with 
the plasma membrane and therefore it is unlikely that they are 
subjected to intracellular proteolysis. In contrast, the chance of 
cytosolic non-structural proteins being degraded by cellular 
enzymes are likely to be greater. This bias may be amplified as 
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the immune response develops. It may be that during the early 
phase of the immune response , MHC class II+ macrophages take 
up and present antigens to CD4 + T cells or release antigenic 
fragments, which then bind to DC. At thi s stage, these APC may 
present all potential epitopes to the resting T cells . However, in a 
later phase of the immune response, when an tigen concentration 
is low, antibody-dependent uptake of antigen may be dominant. 
Thus, if antibody responses are biased towards membrane-
associated viral proteins, these proteins may be the dominant 
source of epitopes for CD4+ T cells. This reasoning is based on the 
observation that specific slg present on B cell APC is involved in 
the efficient uptake of antigen even at 10,000-fold lower 
concentration than non-slg-mediated pathways (Lanzavecchia, 
1985) and the augmented uptake of antigen by macrophages in 
the presence of antibody discussed above . 
The observed bias towards the recognition of structural and 
membrane-associated non-structural proteins by CD4+ T cells is 
consistent with the observations that the majori ty of anti-
flavivirus antibodies recognize surface structural glycoproteins 
and NS 1 (Schlesinger et al. , 1985, 1986; Zhang et al., 1988). It 
may be speculated that in anti-µ suppressed mice there could be 
a greater proportion of the CD4 + T cell respon se directed towards 
the non-structural proteins. The finding that with macrophage 
APC, Kunjin-immune CBA T cells gave higher responses to 1022 
than 1031 (Fig. 4.2) but with B cell APC, the responses to 1031 
were stronger than 1022 (Table 4.2) suggest that, 1) preferential 
uptake of membrane associated viral antigens by a proportion of 
antigen-specific B cells from the APC population presumably 
resulted in the selective activation of CD4 + T cells specific for 
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these antigens, and, 2) macrophages and B cells display a 
different spectra of peptides for T cell activation. 
The relative contribution of different virus-specified 
structural proteins in MHC class II-restricted T cell responses 
awaits further analysis by constructing a more extensive panel of 
recombinant vectors expressing individual proteins and smaller 
peptides, and ultimately the use of appropriate synthetic 
peptides. 
Secondly, the finding that regardless of haplotype, the 
responses to 1024, (which encompasses the non-structural genes 
of Kunjin virus including those encoded by 1022, Chapter 4), 
were lower than those against 1022 means that the mere 
presence of large numbers of potential antigenic determinants 1s 
not enough to guarantee an immune response of CD4+ T cells. 
Differences 1n the processing of 1022 and 1024, as discussed 1n 
detail in Chapter 4, possibly account for these findings . 
The responses of WNV -and Kunjin-immune T cells varied 
amongst mice with different MHC haplotypes. Two types of 
mutually non-exclusive models have been suggested for the 
influence of MHC Ir genes on T cell responses. The models which 
propose that Ir genes function at the level of MHC-peptide 
interaction ('antigen-presentation ' models ) assume that non-
responsiveness is due to failure of a particular MHC molecule to 
bind to a particular antigen-derived peptide (Babbitt et al., 
1985). In such models no constraints are placed on T cell 
repertoire. Alternatively, repertoire selection models hold that 
MHC Ir genes shape the T cell repertoire by selection processes 
within and sometimes outside the thymus. Of particular interest 
is the influence of a particular allele at a given locus on the 
..... 
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responses to an antigen in association with an allelic product of 
another MHC-encoding locus (immunodominance or cross-
tolerance ). Mullbacher et al ( 1983) have shown that the 
phenomenon in which the presence of the Kk allele inhibited Tc 
cell responses to vaccinia virus in association with Db, was due to 
Kk cross-reacting with vaccinia plus Db. Thus self tolerance to Kk 
suppressed Tc cell clones potentially reactive to vaccinia-Db 
( discussed in Chapter 1 ). The mechanisms underlying the Ir gene 
effects on MHC class II-restricted responses to WNV and Kunjin 
antigens observed here are not yet clear and will require 
substantial further experimentation. 
In analyzing the CD4 + T cell proliferative responses from 
different inbred mouse strains, the influence of background 
genes was manifested in low virus-specific responses from 
strains of C57BL background (Fig. 4.2). This phenomenon was 
apparently caused by suppression of T cell responses by APC 
numbers optimal for maximum reactivity in other mouse strains 
via high ligand suppression. These observations suggest the 
possibility that background genes affect the processing and 
presentation of peptides. In addition, qualitative and 
quantitative differences in cell surface adhesion molecules 
present on both APC and T cells that are involved in the 
formation of stable conjugates may also be involved. 
In optimizing the numbers of APC in Chapters 2, 3 and 4 it 
was observed that high APC numbers suppressed proliferative 
CD4+ T cell responses. In Chapter 5, this phenomenon of high 
APC-induced suppression was investigated. Anti-Ia antibodies 
( or their Fab fragments) significantly reduced the suppression, 
presumably by blocking access of TcR to class II MHC. 
1 3 1 
Furthermore, using suppressive numbers of APC, there was a 
progressive increase in T cell proliferation as WNV antigen 
concentration was decreased. These finding s suggested that high 
concentrations of both available MHC and the nominal antigen 
contribute towards the induction of suppression i .e ., it was caused 
by excessive concentrations of MHC-antigen complexes, the 
ligands for TcR, as previously demonstrated with T cell clones by 
Matis et al ( 1983 ). In order to consider the possible relevance of 
high ligand-induced suppression to immunological tolerance, it is 
appropriate to discuss the quantitative aspects of T cell 
activation. 
The signal received by a single T cell in contact with APC 
depends upon, (1) affinity of TcR for ligand, (2) the 
concentrations of TcR and CD4 ( or CD8 ) present on the T cell, and , 
(3) the concentration of available ligand (MHC + an tigenic peptide 
complex) on the APC. Since (1 ) and (2) are constant for a single 
T cell at a given time point, the variable that determines the 
signal for T cell activation is the concentration of ligand as shown 
in this thesis for CD4+ T cell populations and for clones by Matis 
et al (1983). Activation will occur only when a certain threshold 
of signal strength is exceeded (self evident) bu t whether the 
response is an all or none phenomenon, (Blanden et al., 1987) or 
graded according to signal strength is unknown. However, the 
data presented here and by others (Matis et a l., 1983; Lamb et 
al. , 1983) indicate that if ligand concentration is too high, the 
response is reduced in clones and populations, which may mean 
that it is terminated in certain single cells . Assuming an all or 
none response for both activation and termination for the 
purpose of discussion , then if respon se ( e.g proliferation) is 
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plotted against the concentration of ligand on an arbitrary scale, 
then the response of a single cell can be represented by a 
histogram (A) (Fig.6.1). Extrapolating this to a given clone of T 
cells, where the affinity of different cells to a given ligand is 
constant by definition, but the concentration of TcR and CD4 ( or 
( ~ S j ~15 G · i) 
CD8) presumably vary, the quantity of ligand;"required for 
achieving the signal thresholds for activation and termination of 
individual cells will vary. Therefore, some cells will be activated 
at low concentrations of ligand, others at high; this is represented 
by histograms B, C, D, E, F and G (Fig. 6.1). Assuming a normal 
distribution for the varying TcR and CD4 concentrations, the 
response of the clone should be a typical bell-shaped curve, 
represented as J in Fig. 6.1, because more individual cells will be 
responding a ligand concentration 1n the central part of the 
concentration range for the clone. In fact, such curves have been 
published by Matis et al (1983) and Lamb et al (1983 ), although 
whether the contributions of single cells are histograms or some 
other form is unknown. In a population of T cells, 
-fo-< 
which consists of different clones with varying affinity J.. their 
ligands, affinity of TcR will be an additional variable, together 
with TcR and CD4 ( or CD8) concentrations , contributing to 
differences between cells in the population. Whether affinity has 
a bigger influence than receptor concentration; or ligand 
concentration required for activation and termination is 
uriknown. However, data presented in this thesis, strongly 
suggests that T cell populations also give a bell-shaped curve (K 
in Fig. 6.1) when response is plotted against ligand concentration. 
This pattern is consistent with the data from Tables 5.1, 5.5 and 
4.6. 
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Does the phenomena of supra-optimal ligand-induced T cell 
unresponsiveness fulfil the criteria of immunological tolerance ') 
The evidence for clonal deletion in the thymus is well-
documented. As discussed in Chapter 1, Kappler et al ( 1987, a,b) 
showed that mature V~ 17 a+ T cells (reacting preferentially with 
I-E molecules) were selectively absent in mice expressing I-E. 
The question as to whether a similar mechanism of deletion 
occurs in the periphery after encounter with high ligand (MHC 
associated with foreign peptide or hapten), is more contentious. 
However, the contentious point is not whether responses of T 
cells are depressed by high ligand concentration which is well-
documented in vivo ( Claman et al., 1980; Monroe et al., 1984) 
and in vitro (Matis et al., 1983; this thesis, Chapter 5) but 
whether the low responses are due to clonal deletion or anergy. 
Recently, Rammensee et al (1989) showed that, when adult 
mice expressing minor lymphocyte antigen b (Mlsb), were 
tolerized for Mlsa antigens by a single i.v. injection of 107 
splenocytes of M [sa strain of mice ( of the same MHC haplotype ), T 
cells recognizing Mlsa antigens were present in unchanged 
numbers. These cells were "anergic" in that they were unable to 
proliferate, secrete IL-2 or respond to exogenou s IL-2 when 
stimulated with Mlsa cells in vitro. 
In the present studies, the suppression of T cell 
proliferation at high S :R ratios occurred even in the presence of 
co-stimulatory factors (EL-4 supernatant). This suggests that it 1s 
not a phenomenon like that described by Jenkins and Schwartz 
(1987) and attributed to a lack of APC accessory signals needed 
_in addition to TcR occupancy by ligand. Therefore it would be of 
interest to investigate whether these cells could respond at later 
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times given optimal APC numbers, whether they were killed 
(deleted), or alive but "anergic". 
Alternative mechanisms of the phenomenon described here 
include, 1) supra-optimal concentration of ligand may selectively 
stimulate TH 1 clones of CD4 + T cells to produce high levels of 
s 
IFN -y, which in turn inhibit the proliferation of TH2 cells 
(Gajewski and Fitch, 1988). However, as discussed in Chapter 3, 
this is a possible explanation for the data in this thesis only when 
the frequency of THI is much lower than TH2. Alternatively, high 
concentrations of ligand might increase the signal to TcR resulting 
in the activation of altered sets of lymphokine-secreting genes 
e.g. IFN-y (Matis et al., 1983 ), and, 2) high concentrations of 
antigen may prevent redistribution of TcR into the region of the T 
cell surface that is in contact with the APC, this being essential 
for signalling events in activation of T cells (Kupfer et al., 1987). 
In an analogous situation, Becker et al (1973) showed that higher 
concentration of anti-IgE antibodies, which in fact redistribute 
the surface IgE most effectively, caused inhibition of histamine 
release from human basophils. 
Unresponsiveness of CD4 + T cells to WNV antigen at high 
APC numbers, presumably due to high ligand concentration, has 
possible implications in the pathogenesis of infections with 
viruses and other intracellular parasites. For a parasite, the 
expression of supra-optimal concentration of ligand would 
provide a means of evading T cell recognition. Interestingly, 
evidence for the upregulation of MHC class I and class II antigens 
on cultured cells by WNV has been published by Liu et al ( 19 8 8) 
for astrocytes and King et al., ( 1989 ) for fibroblasts. If the 
ligand concentration on WNV virus-infected cells were above the 
135 
threshold concentration required for high ligand suppression of 
responses, then reduced T cell response would result. Whether 
such events cause real effects in vivo remains to be determined. 
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Fig. 6.1 
Curve J represents the response of a given T cell clone in which 
responses of individual cells, depending upon ligand 
(~-5) 
concentration /.... required for activation and termination will vary, 
i.e., some cells will be activated at low concentration of ligand, 
others at high. This is represented by a series of histograms (A 
to G, assuming that response is 'all or none' phenomenon); 
however, the majority of cells will respond to a ligand in the 
central part (P) of the ligand concentration range for the clone. 
At a population level, clones with varying affinities and varying 
TcR and CD4 (or CD8) concentrations, will demand different 
concentrations of ligand for activation and termination. 
Therefore, the distribution pattern of these clones will be similar 
to individual cells within a clone, i.e., majority of clones will be 
activated and terminated in the central part (T) of the ligand 
concentration range for the population. This pattern of the 
population is represented by curve K. 
Fig. 6-1 
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